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Foreword 

The Heavy-Section Steel Technology (HSST) Program 
is a USAEC-sponsored effort for investigating the 
effects of flaws, variations of properties, stress raisers, 
and residua! stress on the structural reliability of 
present and contemplated water-cooled reactor pressure 
vessels. The cognizant engineer for the USAEC is J. R. 
Hunter, and at ORNL the program is under the Pressure 

Vessel Technology Program, of which G. D- Whitman is 
Director. The program is being carried out in very close 
cooperation with the rcuclear power industry. Prior 
reports in this series are ORNL-4176. ORNL-4315v 

ORNL^377. ORNL^4o3. ORNL-4512, ORNL4590, 
ORVL-4653, ORNL-4681, ORNL-4764. and ORNL-
4816. 
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Summary 

The Heavy-Section Steel Technology (hSST) nrogram 
is one of the major USAEC safety engineering research 
programs devoted to extending and developing tht 
technology for quantitatively assessing the margins ot 
safety against fracture cf the primary containment 
systems of civilian water reactors. Emphasis is on the 
massive pressure vessels of these sophisticated systems. 
Practically all areas of materials technology as related to 
the pertinent steels and weldments have been or are 
being investigated. The investigations in progress are 
discussed in this progress report; prior reports in this 
series are identified in the Foreword. 

An investigation of weldments of the European 
forging steel 22N -Mo<:r37 by K. Kussmaul of MPA 
Stuttgart, West Germany, has indicated susceptibility- to 
intergranular cracking. However, a metallographic ex­
amination at ORNL of a submerged-arc weldment of 
ASTM AS33, jjrade B, cla5.» I steel has shown no 
evident of such cracking. The ASTM A508. class 2 
fciging welds are under investigation. 

A combined experimental and analytical program has 
been initiated at Westinghc.se to evaluate the engi­
neering usefulness of the two leading theories of 
elastic-plastic fracture: the equivalent-energy approach 
and the i-integral approach. Under the experimental 
portion of the program, five uniaxial tensile specimens. 
six compact-tension specimens, and three center-
cracked (fracture theories evaluation) specimens were 
machined from A533. grade B. class I steel (HSST plate 
04), The five tensile speewpens were tested to provide 
stress-strain data for inpuf to the analytical portion of 
the program. 

A preliminary elastic analysis of the fracture theories 
evaluation specimen was performed to study nonuni-
formities of the displacement fieid in order to deter­

mine a gage length for the elastic-plastic analysis. A 
more detailed finite-element model of the specimen 
gage length was then set up for use in the elastic-plastic 
analysis. This second model has an extremely fine grid 
in the vicinity of the crack tip to provide the necessary 
high degree of esolution there. 

A program was initiated at Westinghouse to examine 
low-frequency fatigue-crack growth response of nuclear 
pressure vessel steels in simulated reactor coolant 
environments. Previous crack growth rate studies had 
not indicated a frequency dependence in or out of the 
reactor coolant environments at cycling rates of 60 and 
500 cpm. 

Thiee 2T CT specimens have been tested at a load 
application frequency of 1 cpm with R = 0.2. The 
results indicate higher crack growth rates in both the 
PWR and BWR environments than were previously 
reported ;n the higher frequency ranges. 

The fatigue-crack propagation behavior of A533r 

grade B, class I steel was studied at Han ford Engineer­
ing Development Laboratory within the framework of 
linear-elastic fracture mechanics. Tests were conducted 
at 75°F (24°C) and 550°F (288°C) on unirradiated 
material and on material irradiated to 2.3 to 2.8 X 10 1 9 

and 5.3 to 5.7 X i 0 1 9 neutrons/cm1 (£> 1 MeV). In 
general, at ihe cyclic frequency used (600 cpm). neither 
temperature nor neutron irradiation had a significant 
effect on the fatigue-crack propagation. 

Fracture properties were evaluated by plane strain 
(Kj.) and lower-bound equivalent-energy (KJcd) mea­
surements fcr irradiated A533 jveldment from the HAZ 
and fusion line and for AS33 base plate material. The 
lower-bound K/cl of 2 X 10 1 9 neutron:/cm2 (E > 1 
MeV) fusion line material was 175 ksi\/ir7. ?t test 
temperature above 250f F. base plate material, at similar 

http://Westinghc.se
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irradiation and tes* conditions, exhibited a KJcl of 
approxima'ely 190 ksiv/irT Weldment material from the 
HAZ after irradiation to 0.5 X 10 ' 9 neutrons/cm2 gave 
a value of 149 ksr\Zin7 at room temperature; however, 
upper-shelf lower-bound toughness was not yet attained 
at that temperature. 

Six 4T compact-tension specimens are to be irradiated 
in the Battelle Research Reactor (BRR) by Westing-
house to midthickness fluence levels of 5 X 1 0 " 
neutrons/cm3 (E > 1 MeV). An encapsulation arrange­
ment has been designed in order to ensure relative 
uniformity of the flucncc and temperature distributions 
in the specimens during irradiation. Detailed thermal 
analysis has been performed to confirm the design and 
demonstrate that the temperature distribution will be in 
the desired range during irradiation. Preliminary mea­
surements were made in the BRR to characterize the 
neutron environment and the gamma radiation fields 
adjacent to the cere. The capability to monitor three-
dimensional distribution of temperature and fluence has 
been incorporated in the capsule design. 

The final series of 6-»n.-thick tensile specimens, 
including one unflawH specimen, were tested at South­
west Research Institute. Test temperatures ranged from 
-4Dto2<tfF. 

Mechanical properties data were obtained from the 
orokmgation of intermediate vessel V-l. including dror-
weight, room-temperature tensile, standard Charpy V-
notdi impact, and stow-trcnd precracked Charpy V-
mttdi tests. 

Forging prolongation material from the first and 
second HSST intermediate pressure vessels was fabri­
cated by Westi'tghouse into 4T and 0.85T compact-
tension specimens. These specimens were tested over a 
temperature range of 0 to 200°F in order to establish a 
lower-bound curve of the fracture toughness of the 
pressure vessel material. 

Six 0.85-in.-thick model vessels fabricated from the 
prolongation of intermediate vessel V-l were flawed, 
instrumented, and burst. These results were used to 
select the test temperature for the first intermediate 
test vessel under prescribed conditions of failure. 

The hydraulic pulsing crack-sharpening technique 
previously developed for the 6-in.-thick tensile speci­
mens was further developed to apply to the intermedi­
ate test vessels. Further development effort was aLo 
required to permit monitoring of the flaw growth by 
ultrasonic testing. 

Vessel V-l was instrumented with strain gages and 
thermocouples internally and externally mounted, a 
crack-opening displacement device, and with acoustic 
emission transducers. The instrumenting, monitoring, 
and evaluation of the acoustic emissions were per­
formed by Southwest Research Institute. The vessel was 
successfully tested, and in general the performance was 
as expected. 

Battetle Columbus laboratory conducted two tests 
investigating mode III crack extension of full-scale 
reactor piping with variations in flaw size, pressure, and 
temperature between the two tests. 



1. Program Administration and Procurement 

The Heavy-Section Steel Technology (HSST) Program 
is oriented toward developing a technology that can be 
used to assess the margins of safety agaiust failure of 
the primary containment systems of civilian water-
reactor power stations. Major emphasis is placed on the 
conditions necessary to initiate failure in the massive 
pressure vessels, particularly catastrophic failure. The 
areas of research interest and support, however, cover 
the gamut of material technology, with particular 
emphasis on the effects of fast-neutron irradiation. The 
HSST program is coordinated with efforts by other 
government agencies and the manufacturing and Utility 
sectors of the nuclear power industry both in the 
United States and abroad. These total efforts should 
result in the quantification of safety assessments which 
are needed by the USAEC regulatory bodies, the 
professional code-writing bodies, and the nuclear power 
industry. 

The activities of the HSST program are carried out 
under 12 separate tasks. About 75% of the task 
activities are performed under subcontract by research 
facilities throughout the United States and through 
informal cooperative efforts abroad. Currently there are 
eight research and development subcontracts in force. 
In addition, a panel of 28 scientists and engineers with 
expertise in materials technology has been organized to 
serve in an advisory capacity to the prog. am. Four 

technical reports and one progress report were issued 
during this reporting period. 1 - 5 

The major procurement items of the HSST program 
are the intermediate tczt vessels. Four vessels have been 
received, and six more a--̂  in various stages of fabri­
cation. 

Administratively, the HSST program is carried out as 
task activities; however, for reporting purposes here, the 
research areas are discussed under investigations of 
unirradiated materials, investigations of irradiated ma­
terials, and pressure vessel and piping investigations. 

1. S. C. Grigory, Six-Inch-Thick Flawed Tensile Tests, First 
Technical Summary Report, Longitudinal Specimens 1 through 
7, HSSTP-TR-18 (SwRI 03-2520), Southwest Research Institute 
(June 1972). 

2. P. N. Randall, Effects of Strain Gradients on the Gross 
Strain Crack Tolerance of A533B Steel, HSSTP-TR-19, TRW 
Systems Group (May I, 197c,. 

3. S. C. Giigory, Tests of Six-Inch-Thick Flawed Tensile 
Specimens, Second Technical Summary Report, Transverse 
Specimens Numbers 8 through 10, Welded Specimens Numbers 
11 through 13, HSSTP-TR-20, Southwest Research Institute 
(June 1972). 

4. S. A. Leiige, Effects of Fracture Mechanics Parameters of 
Displacement Measurement Geometry for Varying Specimen 
Sizes, WCAP-7926, Westinghouse Electric Corporation (June 
1972). 

5. HSST Program Semiannu. Progr. Rep. Feb. 29, 1972. 
ORNL-4816. 
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2. Investigations of Unirradiated Materials 

The materials investigations under the HSST program 
%e divided, in general, into studies of unirradiated 
materials and studies of irradiation effects. The studies 
of unirradiated materials, which include inspection, 
characterization, metallurgy, variability determinations 
transition temperature investigations, fracture me­
chanics studies, and fatigue-crack propagation te>ic, are 
discussed here. N J work specifically under the transi­
tion temperature usk is in progress. Additional results 
for unirradiated materials are presented in Chap. 3. 

INVESTIGATION OF WELD METAL 
HEAT-AFFECTED ZONE 

D. A. Canonico 

Intergranular cracking in the heat-affected zone 
(HAZ) of thick-section weldments representative of 
those employed in the fabrication- of nuclear pressure 
vessels was reported by K. Kussmaul of MP A Stuttgart, 
West Germany, at the 1972 Annual Information Meet­
ing of the HSST Program.' This report prompted the 
initiation of studies of the HAZ of a number of the 
weldments used in the HSST studies. Until recently, 
these welds Jvere prepared for weld characterization 
studies and, for the most part, have been used in the 
assessment of their fracture toughness. These welds are 
between 6- and 12-in. plates of ASTM A533, grade B, 
class 1 steel. The fabrication of the intermediate test 

1. K. Kussmaul and D. Sturm, "Research Activities at the 
MP A Stuttgart in the Field of Nuclear Pressure Vessel Tech­
nology: Materials Welding - Safety," presented at the Sixth 
Annual Information Meeting of the heavy-Section Steel Tech­
nology Program, ORNL, Apr. 25-26,1972. 

vessels has provided weldments between 6-in.-thick 
"hells of ASTM A508, class 2 forging steel. This forging 
grade of steel is nearer in chemical composition to the 
European 22Ni-Mo-Cr37 steel used in the Kussmaul 
study. The HAZ of the ASTM A508, class 2 steel is 
under study. 

Reported herein are the preliminary results of an 
investigation of the HAZ from a portion of submerged-
arc weldment,2 HSST plate 57C. The steel plates joined 
were 6-in.-thick ASTM AS33, grade B, class 1 steel. 
After welding, the weldment was stress relieved at 
1150°F for 6 hr. Our study concentrated on a location 
near one end of the weldment plate; Fig. 2.1 shows the 
location from which the HAZ study specimen was 
taken. The specimen, which was 3 in. long, was 
sectioned as shown in Fig. 2.2. The specimens (four), 
approximately 3 in. long and l'/ 2 in. wide, were 
prepared so that the polished surface was perpendicular 
to he welding direction, and the metallographic investi­
gation progressed from the base metal (BM) through the 
HAZ to the weld metal (WM). Figure 2.3 contains 
photomacrographs taken at various distances below the 
initially polished surface. Point zero in Fig. 2.3 is 
mostly unaffected EM. (A light coloration nsar the 
center and at the bottom indicates a location nearer the 
weld than the reminder of the specimen.) As the metal 
is removed, ind'^at'ons of different microstructures are 
evident by tne variance in coloration. Note, particularly 
in the photomacrographs taken after the removal of 

2. C. E. Childress, Faorication Procedures and Acceptance 
Dau for ASTM A-533 Welds and a JO-in.-thick ASTM A-543 
Plate of the HSST Program, ORNL-4313-3 (January 1971). 
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0.1676 lo 0.1879 in. of metal, that the individual v«Jd 
panes are dearly dehneaied. 

Extensive metatfographic investiptions were con-
dueled at the various depths of metal removal, and no 
indication of cracking ol any type was observed. This is 
true regardless of the rnkrostructure observed in the 
HAZ. Figure 2.4 is included because it is representative 
of the tfiicrosirucittre present a* the fusion line. The 
bottom of Fig. 2.4 (a four<photomkrograph montage) 
is weld metal, and the top is the coarse-grained 
austenitk region in the I IAZ immediate!) adjacent to 
the fusion lino. The microstructure is tempered mar-
tensile. 

Our studies to date have revealed no signs of 
mic granular cr»:ki.<g in the HAZ. We are continuing 
the metallographic study and are investipiing samples 
from weldments from 6- and 12-in.-thick ASTM AS33. 
grade B. class I steel and pari of the prolongation from 
vessel V-4. 
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Fig. 2.3. Photomacrorapht of ORNL Metals and Ceramic* DhrWon meUUofnphic aptcimtn 736A2. This specimen, along with 
three others, has been extensively studied. The numbers on top of the photomacrographs indicate amount of mctul removed. The 
individual weld passes are clearly delineated by their effect «n the microstructure in the heat-affected zone. 
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Fi j . 2.4. Mo may of photowiCTOgrapha rapteeawtath* of the ntfcroettoctore aaa* at M M (baton line hi H8ST wiMment S7C. The 
fusion line is shown. The bottom of the montage is weld metal, and the top is the coarse-grained austenite region of the HAZ. (The 
mkrostructure is tempered martensifc.) Note the weldmenl soundness anu viwaiii'ness. No crackk were observed in any of the region* 
studied. 
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FRACTURE MECHANICS INVESTIGATIONS 

J. G. Merkle 

The objectives of the fracture mechanics investi­
gations are ( I ) to establish the applicability of fracture 
mechanics methods as currently understood to the 
low-alloy steels being used in reactor pressure vessels, 
(2) lo extend the applicability of this knowledge to 
cover the tougher behavior at higher temperatures, and 
(3) to develop new methods specifically applicable for 
predicting the fracture behavior of steels that undergo 
gross plastic strains before fracture. These objectives are 
being pursued through a series of investigations with 
related tasks (described elsewhere) contributing signifi­
cant ly to the developments. Several of these activities 
have been completed, and only one activity assigned 
specifically to this task is in progress. 

Experimental and Analytical Eautk-Ptastk Fracture 
Theories Evaluation Program3 

P. C. Riccardella 
Westinghoust Electric Corporation 

J.L.Swedlow 
Carnegie-Mellon University 

Introduction 

Neither of the two leading theories of elastic-plastic 
fracture (J-integral and equivalent energy) has yet been 
subjected to a critical evaluation to demonstrate its 
applicability to complex loading and geometric configu­
rations such as those which exist in nucleir reactor 
pressure vessels. Both theories rely heavily upon the 
experimental load-deflection curve of a test specimen to 
predict failure. However, in a reactor vessel, no single 
parameter represents applied load, and no single dis­
placement value is pertinent to the overall probfciu. The 
degree of loading can only be estimated using sophisti­
cated, two-dimensional analysis techniques, such as the 
finite-element technique, which are capable of con­
sidering geometric discontinuities, pressure stresses, and 
complex thermal gradients. 

The objective of this effort is to apply both fraciute 
theories to a relatively simple test specimen using a 
two-dimensional finite-element computer program 
which has enough generality that it can later be applied 

3. Work sponsored by HSST Program under UCCND Sub­
contract No. 3196 between Union Carbide and Westinghouse 
Electric Curiontion. 

to more complex reactor vessel problems. The test 
specimen chosen is a center-cracked plate geometry 
(hereafter referred to as the fracture theories evaluation 
specimen), which i$ illustrated in detail in Fig. 2.S. 
Critical failure parameters (load and deflection) will be 
predicted by both fracture theories from the analysis, 
and the accuracy of the predictions will be evaluated by 
comparison with actual experimental results. 

In order to ensure a meaningful evaluation of the two 
theories, the tests are to be performed in the transition 
range between linear elastic (frangible) behavior and 
fully ductile behavior. To satisfy this constraint, a test 
temperature ot +S0°F has been chot$n. 

Expcrimeittal piogiam 

A total of 14 specimens have been machined from 
HSST plate section 04-A for the fracture theories 
evaluation program. A sawing sketch showing the 
location from which each specimen was taken is given 
in Fig. 2.6. Note that the flame-cut edges of the plate 
and 2 in. each of top and bottom surface material have 
been removed prior to machining of die specimens. 

Five standard 0.505 uniaxial te»»a!* specimens4 have 
been machined as shown in Fig. 2.6. Three specimens 
were taken in the longitudinal (RW) direction (at the % 
plate thickness, center plate thickness, and % plate 
thickness depths), and two were taken in the transverse 
(WR) direction (at the % plate thickness and % plate 
thickness depths). All five specimens were tested at the 
test temperature of +50°F, and the resulting true 
5 tress-strain data are summarized in Fig. 2.7. The strain 
rate for all five tests was 0.0008 sec' 1. The data in Fig. 
2.7 indicate that the stress-strain properties of the 
material are essentially homogeneous and isotropic. The 
material exhibits a yield point instability at approxi­
mately 70,000 psi, and nonstrain hardening behavior at 
66,000 psi between yield strain and about 1.0%. At 
1.0% the material begins to strain harden up to about 
95,000 psi and 9% strain. 

Four 2T and two 4T compact-tension (CT) fracture 
mechanics specimens5 have been inachin.'d from the 
plate as shown in Fig. 2.6. The 2T CT specimens were 
taken at the one-quarter thickness, ".enter thickness, 
and three-fourths thickness depths, an1 the 4T CT 
specimens spanned the thickness. \ i l the compact-
tension specimens were taken in the longitudinal (RW) 

4. Standard Methods of Tension Testing of Metallic Materials, 
ASTM-E8-69,1969. 

5 Tentative Method of Te«i for Plane Strain Fracture 
Toughness of Metallic Material;. ASTM-E399-70T, 1970. 
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Fig. 2J. Fracture theories evaluation specimen. 
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direction. These specimens will be tested at the test 
temperature (50°F) to study the variability of the 
material fracture toughness (as determined by both Jjc 

and K.icd interpretations) at this temperature. 

Finally, three fracture theories evaluation specimens 
were machined from the plate as shown in Fig. 2.6. The 
in-plane dimensions of these specimens are given in Fig. 
2.5, and specimens with thickness of 1, 2, and 4 in. 
were fabricated in order to study the approach to plane 
strain behavior. The center slot was machined using 
electrical discharge machining (EDM), as shown in Fig. 
2.5, and will be fatigue sharpened to a final length »:f 
1.0 in. prior to testing. 

Analytical program 

A relatively simple elastic model of the fracture 
theories evaluation specimen was set up in order to 
perform preliminary studies on the specimen (see Fig. 
2.8). Two symmetry lines were used to reduce the size 
of the model. Axial loading was applied along the upper 
half of the loading hole, and the axial deflection results 
in the gage region of the specimen zre shown in Fig. 
2.9. Near the crack plane, the defection of the center 
line of the specimen is much greater than that of the 
edges, while near the specimen grips, the deflection at 
the edges is much greater. In the region approximately 
1.5 to i.75 in. from the crack plane, the displacement is 
essentially uniform. The ideal choice for gage length for 
the specimen is within this uniform displacement 
region. Thus the effective half gage length has been 
chosen to be 1.75 in. (total gage length = 3.5 in.). 

Since the displacement pattern at the ends of the gage 
length region was uniform in the elastic case, it can be 
assumed that this displacement pattern will also be 
essentially uniform for the elastic-plastic case. There­
fore, when setting up the more detailed model for 
elastic-plastic analysis of the specimen, only the gage 
length region was modeled. The elastic-plastic model is 
shown in detail in Figs. 2.10 and 2.11. Note that an 
extremely fine grid was used in the vicinity of the crack 
tip to provide the necessary high degree of resolution 
there. 

Fig. 2.S. Elastic model of fracture theories evaluation speci­
men used to determine gage length. 
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Fig. 2-9. Deflection rewlts of elastic analysis of fracture theories evaluation specimen. 

EFFECTS OF HIGH-TEMPERATURE PRIMARY 
REACTOR WATER ON THE SUBCRITICAL CRACK 

GROWTH OF REACTOR VESSEL STEEL6 

S. A. Lcgge T. R. Mager 
Wcslinghouse Electric Corporation 

introduction 

A program was initiated this report period to examine 
low-frequency fatigue crack growth response in nuc'ear 
pressure vessel steels in simulated reactor coolant 
environments. Previous crack-growth-rate studies had 
no;', indicated a frequency dependence in or out of the 
reactor coolant environments at cycling rates of 60 and 
600 cpm.^ 

Three 2T CT specimens have been tested at a load 
application frequency of 1 cpm with R = 0.2. The 

results indicate higher crack-growth rates in both the 
PWR and BWR environments than wen previously 
reported in the higher frequency ranges. 

Experimental Procedure 

Six precracked 2T CT specimens {KW orientalio..) 
were fabricated from HSST plate 02 for the study. The 

6. Wo:!< sponsored by HSST Program under UCCND Sub­
contract No. 32% between Union Carbide and Westinphouse 
Electric Corporation. 

7. T. R. Mager and V. J. McLoughlin, The Effect of an 
Environment of High Temperature Primary Grade Nuclear 
Reactor Water on the Fatigue Crack Growth Characteristics of 
A 53 3 Grade B Class 1 Plate and Weldment Material, Heavy-
Section Steel Technology Program Technical Report No. 16 
(October 1971). 
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Fig. 2.13. Elastic-plastic model of fracture theories evaluation specimen (blowup of crack tip region). 
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load cycle was held constant at a frequenty of i cpm 
with maximum load at 20.000 lb. Two spccnens vc--
tested in a PWR environment (2000 psi, 550°F' ?,id 
one specimen in a BWR environment (1200 fs. r- >0°F), 
and the water chemistries were controlk*d t.-> the 
specifications give in Table 2.1. A fourth .est is ui;der 
way in air (2000 psi. 550°F). 

Experimental Results 

The resultant crack length vs number of cycles data 
were reduced to fracture mechanics parameters. In Fig. 
2.12 the crack growth rate (da/dn) is plotted as a 
function of the independent variable, stress intensity-
factor (AA'h for the three tests completed. For con­
venience, a reference line has been included on the plot 

Table 11. Etmiommcmtal vater 

Pmsurircd-watcr Borlmf-watcr 
reactor reactor 

Oxygen, ppm <0.l <0.3 
Chloride. j»pm <0.!5 <0.l 
t'htor'.c;. ppm <O.I5 <0.l 
Total »»upended solidv <I.O <U.2 

ppr. 
Boron, ppm 0 4000 

(2500 av) 
Solution pH 4.2-10.5 

(5.1 av> 
Ntstrr! 

Klectrical conductivity. < l 40 0.1 
jimhoVcm 

Hydrogen, cc <STT)/kg 25-35 0.037 
l i O H ) . m 0.3 x 10* 4 

3.2 x 10 "* 

300 

200 

o 
to 
UJ 

o too 
* 
© oe 80 
v-> 
X 

(up 

60 

HO 

I 
20 

10 1 

APMftCMT UPPEt 
901*0 OF FtCVlOUS 
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1 
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STRESS IHTMSITY FACTOR (aK) KSl-vf* 

Fig. 2.12. Crack growth rates for HSST 02 material at 1 cpm frequency in PWR and BWR environments. 
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representing an upper bound for all previous crack-
growth-ra'.e data generated en HSST pLte 02 at 
frequencies of 60 and 600 cpm.7 It is apparcn; that at 
the lower frequencies crack growth rates are ac-xlei-
ated. These results are ir general agreement with other 
studies,* whkn have bfen conducted on austenitic 
stain!e«s steei, in which frequency-dependent behavior 
is demonstrated to obey a power law of the type 

da/dn = A{f)(XKf . 

where A(f) is an empirically determined frequency 
function that increases with decreasing frequency. 

8. L. A. James. 7** t'ffecl of Frequency upun the Ftttgue 
Omck Growth of Type 304 Sttmkss SteH ti 1000* F. HEDL 
SA-243. WADCO Corporal ton. 
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3. Investigations of Irradiated Materials 

One cf the environmental factors that must be 
considered in safety evaluations of reactor pressure 
\*esseis is irradiation, because the mechanical properties 
of metals may be modified thereby to a degree that is 
of considerable engineering significance. Irradiation 
effects were investigated by Hanford Engineering De­
velopment Laboratory (HEDL) and by Westinghojse 
Electric Corporation. The areas of primary interest to 
the HSST program are the temper; aire range 450 to 
600°F and the fast-neutron (£ > 1 MeV) fluence range 
I to 8 X 10 ' 9 neutrons/cm2. 

This chapter summarizes the research performed by 
HEDL and Westinghouse. 

IRRADIATION EFFECTS ON THE FRACTURE 
OF HEAVY-SECTK)N PRESSURE VESSEL 

STEELS1 

J. A. Williams L. A. James 
Hanford Engineering Development Laboratory 

Two areas of irradiation investigations are in progress 
at Hanford Engineering Development Laboratory. One 
is a study of the effect of irradiation on the cyclic 
fatigue crack growth behavior of the ASTM AS33, 
grade B, class 1 steel. The other is the determination of 
both the static fracture toughness K[c and the lower 
bound thereof up to SS0°F of the pertinent plate and 
forging steels and weldments. These two efforts are 
discussed below. 

1. Research sponsored under Purchase Order No. 
11Y-50917V between Union Carbide Corporation and Hanford 
Engineering Development Laboratory. 

Fatigue-Crack Propagation of Irradiated ASTM A533, 
Grade B, Class 1 Sted 

Cracking behavior of the A533-B HSST plate 02 steel 
is being determined for use in design or safety analy.es 
of flaw or crack propagation resulting from cyclic 
service loadings. The present study uses the principles 
of linear-efestic fracture mechanics to characterize the 
effects of temperature and neutron irradiation upon the 
fatigue-crack growth behavior of this steel. 

Irradiated A533, grade B, class 1 specimens were 
obtained from fractured 2-in.-thick compact-tension 
specimens (2T CT) irradiated in the Babccck and 
WUcox Test Reactor. The details of material irradiations 
and test results are documented by Mager.3 Irradiations 
were conducted at 550°F (288°C) to fluences of 2.3 to 
2.8 and 5.3 to 5.7 X 1 0 1 9 neutrons/cm2 (E> 1 MeV); 
postirradiation yield strength was nominally 90 ksi at 
room temperature and 78 ksi at 550°F.3 Specimens 
from the irradiated material were machined by Oak 
Ridge National Laboratory, and unirradiated A533, 
grade B specimens were from section 02GA of HSST 
plate 02. Nominal yield strength of the unirradiated 
material is 67 and 55 ksi at room temperature and 
550°F respectively.3 All specimens were of longitudinal 
(RW) orientation from between one-quarter and one-
half the plate thickness position. The irradiated speci­
mens were of the wedge-opening-loading (WOL) type, 

2. T. R. Mager, Postirradiation Testing of 2T Compact 
Tension Specimens. WCAP-7561 (August 1970). 

3. C. W. Hunter and J. A. Williams, "Fracture and Tensile 
Behavior of Neutron-Irradiated A 533-B Pressure Vessel Steel," 
Nucl. Eng. Des. 17(1), 131-48 (1971). 

http://analy.es
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and the unirradiated specimens were of J*e ASTM 
compact-tension (CT) type. 

All specimens were fatigue cycled using Iced as the 
control parameter, with a sinusoidal loading waveform 
at 600 cpm (10 Hz); the cyclic sir»$s *atio, R (R = 
amin/^max) was êro for all tests. Testing was con­
ducted in an air environment at 75°F '̂ 24"C) and at 
550°F(288°C). 

Fatigue-crack growth rates, dajd.S. were based on the 
incremental change in crack length between readings, 
Aa, divided by the number oi loading cycles for that 
increment, AA'. Stress intensity factors were computed 
from Eqs. (1) and (2) for the WOL specimen and the 
CT specimen respectively: 

K = 
Bsfa 

3 0 . 9 6 $ - 195.8 (£)' 

+ 730 30.6 ( £ ) ' - 1186.3 {±)\ 754.6 (jL)-

(1) 

P \ / ^ o s (a V s /a\2S 

-1017 Hi t3.S «\*'» . , ^ ( ± \ 4 S 

) **»»[w . ( 2 ) 

where 

K = stress intensity factor, lesi y/HT, 
P = applied load, ib, 
B = specimen thickness, in., 
a = crack length, in., 
W= specimen width, in., 

using the average crack length for each increment. The 
stress intensity factor range, AK, was calculated using 

A t f * * m „ ( I - * ) (3) 

The data were plotted as 1 >g (da/dN) vs log (AX) such 
that the simple power law proposed by Paris and 
Erdogan4 results: 

da/dN=C(AKf , (4) 

4. P. Paris and F. Erdogan, "A Critical Analysis of Crack 
Propagation Laws," / Basic Eng. 85(4), 528-34 (1963). 

where C w = constants for a given mateiial-environment 
combination. 

The results for the tests conducted at 75°F (24°C> are 
plotted in Fig. 3.1, and the results for 550°F (288°C) 
are given in Fig. 3.2. A single power la* of the form of 
Eq. (4) describes the crack growth behavior at both 
temperatures over a fairly wide range of AA' values. In 
both sets of data, there is some suggestion of a slope 
transition at the lower values of AA'. The existence of 
such a slope transition in unii.adiated material is 
confirmed by the study of Paris et al.,4 which dealt 
wiui iKtiR giuwui i«iie» uciuw iu ui./cycie (£.•>«» A 
»0~5 mm/cycle). !n general, the unirradiated material 
test results of the present study are in good agreement 
with those of other investigators5-1 ° for similar con­
ditions. 

Comparison of th J results of Figs. 3.1 and 3.2 leads to 
several observation* First, there is essentially no differ­
ence in the cracking behavior o( unirradiated material at 
75 and ai 550°F. This is in agreement with the findings 
of Clark,5 who tested at the same frequency (600 cpm) 
used in the present study. Watson et al.,6 however, 
noted an increase in the fatigue-crack growth rate with 
increasing temperature when the testing was carried out 
at a frequency of 10 cpm. 

Crack growth behaviors of unirradiated and irradiated 
materials are equivalent at 75°F, as evidenced by Fig. 
3. ?. This is generally consistent with the data of Wauon 
et ai.6 for the RW orientation. Watson et al., however, 
have observed differences in behavior of the irradiated 

5. W. G. Clark, Jr., "Fatigue Crack Growth Characteristics of 
Heavy Section ASTM A 533 Grade B, Class 1 Steel Weldments," 
ASME paper 70-PVP-24, 1970. 

6. H. E. Watson, L E. Steele, and P. Shahinian. Effects of 
Irradiation and Temperature on the Fatigue Properties of A 
533-B Steel, Irradiation Effects on Reactor Structural Materials, 
NRL Memorandum Report 2328, pp. 12-17, U.S. Naval 
Research Laboratory (August 1971). 

7. W. G. Clark, Jr., "Effect of Temperaturr; and Section Size 
on Fatigue Crack Growth in Pressure Vessel Steel,"/ Mat. £0), 
134-49(1971). 

8. P. C. Paris et al., "An Extensive S»>idy on LJW Fatigue 
Crack Growtn Rates in A 533 and A 508 Steels," Scientific 
Paper 71-1E7-FMPWR-P7, Westinghouie Research Laboratories, 
1971. 

9. T. R. Mager, "Fatigue Crack Growth Characteristics of 
Nuclear Pressure Vessel Grade Materials," Paper 1. HSST 
Program 5th Annual Information Meeting, Oak Ridge National 
Laboratory, Mar. 25-26, 1971. 

10. T. Kondo et al., "Fatigue Crack Propagation Behavior of 
ASTM A 533-B and A 302-B Steels in High Temperature 
Aqueous Environment," Paper 6, HSST Program 6th Annual 
Information Meeting, Oak Ridge National Laboratory, Apr. 
25-26,1972. 
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Ffr. 3.1. Fatigue-crack propagation behavior of ASTM A533, grade B, c b s 1 steel at 75°F (24°C). Irradiation temperature. 
550°F (288°C). 

RW and WR specimens and suggest that the effect of 
moisture susceptibility between the two orientations is 
responsible for the difference. Behavioral differences 
due to crack orientation have been noted in the fatigue 
of ferritic steels at room temperature (e.g., Heiser and 
Hertzberg 2'), but such differences are not apparent in 
the results of Watson et al. 6 for unirradiated specimens 

11. F. A. Heiser and R. W. Hertzberg, "Anisotropy of Fatigue 
Crack Propagation,"/ Basic Eng. 93(2), 211-17 (1971). 

at room temperature. Excellent agreement is obtained 
between the results of Watso.i et al. 6 and the present 
study for unirradiated and irradiated specimens in the 
KW orientation at room temperature. 

The fr*'gue-crack growth rate, at 550°F, of the 
irradiated material appears to be slightly lower than 
that of the unirradiated material, as shown in Fig. 3.2. 
There appears to be no noticeable difference, however, 
between the results for 2.3 to 2.8 X 1 0 ' 9 and those for 
5.3 to 5.7 X 1 0 1 9 neutrrns/cm 2 . Watson e t a l . 6 found 
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Fig. 3.1 Fatigue-crack propagation behavior of ASTM A533, grade B, d a s 1 sled at 550°F <28*°C). Irradiation temperature: 
550°F (288°Q. 

a slight increase in the cracking rate of the irradiated 
material relative to the unirradiated material at 550°F, 
but these tests were conducted at a lower frequency 
than those o f the present study. Results of Watson et al. 
for unirradiated specimens and those of the present 
study are equivalent. 

It should be pointed out that in the foregoing 
discussion, behavioral differences are generally slight. 
For example, all the unirradiated and irradiated ma­
terial results of the present study could be fitted within 
a "scatter band" equivalent to those of other investi­

gators for unirradiated ma teriaJ tested under similar 
conditions. Hence for this study, at the conditions of 
frequency, stress ratio, temperature, and fluence investi­
gated, neither temperature nor neutron irradiation 
appears to be a significant variable. However, at 
elevated temperatures, cyclic frequency can be an 
important variable. For example, Kondo et al. '° (see 
also Cliap. 2) have shown a significant increase in crack 
growth rate with decreasing frequency for A533, grade 
B cycled in water at 500°F (260°C), as shown in Fig. 
3.3; that is, as the frequency is lowered from 100 to 0.1 



21 

cpm a pronounced increase in crack rate results The 
agreement demonsuaud *r. Fig. 3 J between the results 
of this study and thosr of Mager' for an equivalent 
cyclic frequencv of 600 cpm shows that there is littk or 

no environmental effect between water and sir on the 
fatigue-crack propagation behavior. Frequency will be a 
variable of future investigation in evaluating fatigue-
crack growth in irradiated A533. grade B steel. 
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Fig. 3.3. Comparison of elevated-temperature fatigue results for ASTM A533, grade B, class 1 steel between the present study 
and those of Mager (Ref. 9) and Kondo et al. (Ref. 10). 
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Irradiation Effect on Toughness of A533, 
Grade B Submerged-Arc Wektment 

The plane strain, A / c . and equivalent energy, A' / C j , ' 2 

fracture toughness properties of welc'mer.t material 
from the heat-affected-zone {HAZ) and 'usion line (FL) 
locations were evaluated after irradrition. Witt' 2 has 
described the method f c calculation of K/Cj (A'/Ci for 
thickness d = 1 in.) used for aiuation of the toughness 
of fracture specimens which arc invalid by K/c tough­
ness criteria. Witt and Mager have proposed tl.~. 

12. F. J. Witt. "Equrv;jer,c Energy Procedures for Predicting 
Gross Plastic Fracture." paper presented at Fourth National 
Symposium on Fracture Mechanics. Camegie-McOon University, 
Aug. 24-26, 1970. 

13. ASTM Standard E399-70T, Tentative .Methou of lest for 
Plane-Strain Fracture of Metallic Materials. ASTM Standards. 
Part 31,1970. 

14. F. J. Witt and T. R. Magcr./l Procedure for Determininz 
Bounding Values on FractiJ-e Tou&iness K| c at Any Tempera­
ture, ORNL-TM-3894 (October 1972). 

A'/ t-j is an assessment of the lower bound of fracture 
toughness at all temperatures (for the valid K/c range 
*/cd = * / c r . 

The testing procedures, crack preparation, and valid­
ity criteria of l-in.-thick compact-tension (IT CT) 
specimens for A'/,, measurements 1 3 were applied in the 
IT CT specimens for Kfcj (A ' / t , > evaluation. Specimen 
irradiations were conducted in the ETR and have been 
described in detail previously.1 5 The fractuie toughness 
results oi HAZ material irradiated to 0.28 to 0.57 X 
1 0 ' 9 neurons/cm 2 (£" > 1 MeV) and FL material 
irradiated to 1.8 to 2.7 X 1 0 1 9 neutrons/cm 2 are given 
in Table 3.1 and Fig. 3.4: irradiation temperature was 
540°F. Fracture properties of unirradiated weld center 
(WC) material 1 6 and 2.7 to 3.1 X 1 0 ' 9 neutrons/cm2 

15. C. W. Hunter and J. A. Williams. "Fracture .tnd Tensile 
Beh?vior of Neutron-Irradiated A 533-B Pressure Vessel Steel," 
Sucl. Eng. Des. 17(1), 131-48 (August 1971). 

16. C. W. Hunter and J. A. WiUnms. "Irradiation Effects on 
the Fracture of Heavy Section Pressure Vessel Steeis." HSST 
Program Semiannu. Prop. Rep. Feb. 2S. 1971. ORNL-4681. 
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Fig. 3.4. Fracture toughness of unirradiated and irradiated ASTM A533, grade B, submerged-arc weldment materials from HSST 
weldment section 51 A- Inset shows typical section at w ' ' base metal interface and area of material location. 



Table 3.1. Fracture toughness of irradiated ASTM A533, grade B, class I sti >| submerged-arc weld section 51A an.i IISST plate 02 

Specimen 
identification 

Test 
temp. 
( ° l ) 

Fluenee 
[neutrons/cm 
(K > 1 MeV)j 

Plate 
position 

(in.) 
Location" 

Yielo 
strength* 

(psi) 

Crack 
length, 

a (in.) 

^ fatigue 
(ksiv^n.) (ksiv/Tn.) 

A ' '<L. 
(ksis/in.) (ksiv/in.) -0 

X 1 0 1 9 X 10 3 

Crack 
length, 

a (in.) 

^ fatigue 
(ksiv^n.) (ksiv/Tn.) 

A ' '<L. 
(ksis/in.) (ksiv/in.) -0 

5IA5047 100 0.28 6.4 D 100 1.046 11.5 48.5 48.5 0.59 
51A5049 50 0.36 6.4 D 95 1.008 10.2 53.0 53.0 0.77 
51A5050 0 0.47 6.4 I) 91 1.016 c 10,4 90.8 9') .8 t ' 2.48 
51A5052 80 0.57 6.4 D 86 1.037 10.8 90.0*' 148.6 

51A5020 - 4 0 1.98 11.4 B* 104 1 . 0 0 J 10.3 31.5 31.5 0.23 
51A5042 3 2.7 7.6 C* 101 1.009 10.3 39.2 39.2 0.38 
51A5017 85 1.82 11.4 B 97 1 029 10.6 71.9 71 .9 ( / 1.56 
51A5037 121 2.3 7.6 C* 95 1.012 10.4 69.7 69.7 d 1.35 NJ 
51A5043 150 2.65 7.6 C* 93 0.980 9 9 100.6 l O O ^ 2.93 o 

51A5019 200 1.96 11.4 B 91 0.99 10.2 108.3C' 180.7 
5IA5039 350 2.55 7.6 C 87 0 .957 c 15.9 10!.3*' 1627 
51A5018 550 1.95 11.4 B 86 1.075 11.4 98.7' ' 183,8 

C2CAU 2e.O 2.0 6.0 R W - o / 97 1.034 105 9 0 . 5 ' 189.8 
02GAI2 550 2.0 o.G RW-02 97 1.072 11.4 93.5' ' 193.5 

Fusion line specimens: B is area of weld dilution; C is area of 7 grain growth; * surface of fractured specimen showed intersection of fusion line, UAZ specimen: I) is 
approximate center of this zone, Crack planes oriented parallel to weld direction and weld plane. 

Yield strengths interpolated from yield strength of irradiated weld metal (rcf. 17). 
cCrack shape invalid - surface trace <90% average crack length. 
d 1 \'u listed instead of K/.\ because Pu = P$, therefore Ku *» Kjc\- invalid by B < 2.S(KQfays)2. 

7HSST plate section 02GA. RW orientation. 
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(£ > I MeV) irradiated WC material 1 7 and unirradiated 
FL material16 previously reported are also shown in 
Fig. 3.4. 

The results to date primarily demonstrate the irradi­
ation effecc on a given weHment material at a given 
irradiation condition over 2 range of test temperatures. 
In all c ses WC, HAZ, and Fi. materials exhibit strong 
tansitional behavior. Relative irradiation sensitivity 
between mate;:*J ar.d irradiation conditions cannot be 
directly assessed, but the results presented in Fig. 3.4 
suggest that similar transitional irradiation sensitivity 
(shift in transition temperature) might be expected 
from all material conditions. 

The results of FL material at temperatures above 
200°F are of special interest, since a high toughness, 
Kjci of abcut 175 ksK/inT, b obtained after irradiation 
to approximately 2X 1 0 1 9 neutrons/cn/ ( £ > I MeV). 
Weld center material might be expected to exhibit 
equally as tough high-temperature lower-bound be­
havior after Eradiation as does FL material. The tci^cd 
IT CT fusion line specimens are to be remachined to 

Charpy-thickness compact-tension (C v CT) specimens; 
direct comparison of weld metal and fusion line 
materia! irradiation sensitivity, both transitional and 
lower-bound high-temperature toughness, can then be 
made. 

High-temperature lower-bound toughness of irradiated 
A533, grade B steel 

Fracture specimens from ASTM A533, grade B. class 
1 steel, HSST plat<r 02, irradiated to approximately 2 X 
1 0 1 9 neutrons/cm2 (£" > 1 MeV) at 540°F w°re tested 
at 250 and S50°F. The IT CT specimens exhibited fully 
plastic behavior during testing. The test results were 
interpreted for lower-bound equivalent-energy fracture 
toughness, K/c |, shown in Fig. 3.5 vith data of 2 and 8 
X 1 0 1 9 neutrons/cm* previously repor ted 1 5 , 1 6 and the 
unirradiated plane strain frac'ure toughness curve of 
Shabbits et a l . 1 8 A high Kjcl toughness value, approxi­
mately 1 9 0 ksi V h T , K obtained at temperatures above 

17. J. A. Williams, "Irradiation Effects on • ractuie of Heavy 
Section Press ire Vessel Steels," HSST program Semiannu. 
Prop. Rep. Aug. 31.1971. ORNL-4764. 

18. W. C. Shabbits, W. il Pryle, and E. T. Wessel, Heavy 
Section Fracture Toughness of A 533 Grade B Class 1 Steel 
Plate and Jubmerged Arc Weldment. WCAP-7414 (December 
1969). 
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25(fF. A high-temperature lower-bound fracture tough­
ness for Charpy thickness compact-tension specimens. 
A'/t C v . was reported previously;'9 there the toughness 
above 250°F for both the longitudinal and transverse 
irradiated specimens irradiated to 2 X 1 0 ' 9 neu­
trons/cm2 ( £ > 1 MeV) was approximately 150 
ksi >/nT The difference in lower-bound toughness with 
size is consistent with the application of the method. 1 4 

FRACTURE TOUGHNESS CHARACTERIZATION 
OF IRRADIATED A533, GRADE B, CLASS 1 

STEEL USING 4T COMPACT-TENSION 
SPECIMENS20 

S. A. Legge T. R. Mager 
P. C. Riccardella 

Westinghouse Electric Corporation 

Introduction 

The objective of this program is to provide irradiated 
fracture tougnness data at test temperatuies in the 
upper transition range. In order to achieve valid test 
results at these temperatures according to ASTM 
recommended test procedure E-399, one must use 
thick-section specimens. ASTM E-399 requires that the 
specimen thickness B and the crack length a be equal to 
or greater than 2.5(KQIOYS)2, where KQ is the fracture 
toughness measured in th« test and oYs >s the yield 
strength of the material at the test temperature. Thus it 
is desirable to irradiate specimens as large as possible to 
obtain data on irradiated, high-temperature fracture 
toughness. 

Unfortunately, there is an inherent difficulty associ­
ated wlti irradiating thick sections, mainly that of 
obtaining uniform irradiation conditions through the 
thickness. Neutron flux attenuates in the steel such that 
the midthickness sees less than 50% of the surface 
fluence for a 4-in. thick specimen. This is about the 
maximum size with which one can obtain a reasonably 
uniform distribution of fluence. Periodic rotation of the 
section will result in equal fluences on the faces and 
therefore a symmetrical distribution through the thick­
ness. 

19. F. J. Witt and J. A. Williams, "Lower Bound Toughness 
of Irradiated A 533 Grade B, Class 1 Steci," HSST Program 
Semiannu. Prop. Rep. Feb. 28,1972. ORML-4816. 

20. Work sponsored by HSST Program under UCCND Sub­
contract No. 3720 between Union Carbide Corporation and 
Westinghouse Electric Corporation. Portions of this program 
being performed at the Battelle Columbus Laboratories are 
under the technical direction of Neil E. Miller. 

A second problem arises due to Internal heat gener­
ation caused by gamma absorption and subsequently 
induced temperature gradients. The temperature peaks 
about 1 in. in from the front face and drops off slightly 
at the front face and more considerably at the back 
face, as shown in Fig. 3.6. Because fluence ana 
irradiation temperature have a synergistic relationship, a 
given amount of fluence will produce significantly 
greater material damage at lower irradia.'on tempera­
tures (<510°F). Hence it is necessary to reduce the 
temperature gradient as well as maintain the correct 
peak temperature. 

Efforts on the program to date have included the 
fabrication of six 41 compact-tension specimens and 
associated smaller specimens and the design and con­
struction of an encapsulation arrangement which will 
provide the required amount of fluence in a reasonably 

FRONT I ? 3 I 
FACE 

DISTANCE FROM FRONT FACE (INCHES) 
Fig. 3.6. Temperature distribution M 4-in. plate resulting from 

attenuation and absorption of pmma radiation. 
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short time period (about one year). The encapsulation 
has been designed to provide irradiation temperature 
distributions in the test specimens which are uniform 
enough to provide rr*?;»ningful test results. The irradi­
ation will be performed in the Battelle Research 
Reactor (BRR). 

Capsule Design Considerations 

The specimens must be encapsulated to provide 
control of their internal temperature distribution. The 
specimens will be continuously generating nest inter­
nally during the irradiation as a result of ga.nma-ray 
absorption in the metal lattice. Irradiation of the 
specimen should take place in the 510 to 590°F 
temperature range to simulate PWR vessel environment. 

Two methods have been employed to establish and 
regulate the temperature in the specimens to the 
required levels in the presence of the gamma radiation 
field. First, gas-filled gaps constituting thermal resist­
ances have been provided at the front and back faces of 
the specimens (see Fig. 3.7). Heat generated internally 
is thus retained inside the specimen, raising the total 
temperature distribution up to the region of interest. 
Auxiliary electrical heaters located at the faces of the 
specimens have been employed as the other means of 
temperature control. 

The effect of gamma attenuation through the metal 
produces a skewed temperature distribution, as was 
shown in Fig. 3.6. The back face minimum falls 
substantially below the front fc.ee minimum. By 
selective use of the electrical heaters, it is possible to 
raise the minimum specimen temperature at the back 
face at the expense of raising the total temperature 
distribution somewhat. Thus the maximum temperature 
gradient through the thickness can be reduced. 

Large gas gaps were designed for the top, bottom, and 
sides of the capsule to impede heat flux in two 
directions while promoting one-dimensional heat flow 
through the thickness. The front and back face gap 
widths were determined by calculating the gap con­
ductance required to place temperatures in the speci­
men near the acceptable range. Assuming the gap is 
filled with helium (a high-conductivity gas), the spacing 
was determined to range from 0.030 in. at the core 
midplane to 0.041 in. at the top of the capsule or 0.045 
in. at the bottom. The gap profile so calculated negates 
the effect of the cosine-shaped gamma distribution in 
the axial direction. 

A gas mixing system has been incorporated as an 
integral part of the encapsulation scheme. By mixing 
nitrogen (one-sixth the conductivity of helium) with 

the helium, a means exists for altering the total gap 
conductance and hence controlling the temperature 
distribution in the specimen. 

It should be pointed out that by sizing gaps to a pure 
helium gas condition, the control flexibility lies entirely 
in favor of raising capsule temperatures. There are two 
reasons for doing this: first, if heaters fail in the course 
of the experiment, total heat input wiil drop and the 
difference will have to be counteracted by lower gap 
conductance; and second, the design calculations were 
made based on full-pcwer operation. If at any time 
during the experiment *t becomes necessary or desirable 
'.o run at reduced power, the gamma heat input wil'. be 
ieduced, and again gap conductance must be reduced to 
maintain the appropriate temperature levels. 

Auxiliary Heat Input 

The maximum temperature gradient in the specimen 
(peak to back iac< niimmum) is primarily a function of 
the spatial distribution of ihe heat generation, regard­
less of the boundary conditions. Alteration of the 
thenc*! resistance at the surfaces will raise or lower all 
temperatures more or less uniformly. By introducing 
another souice of heat at the back face in the form of 
electrical heaters, it is possible to decrease the gradients 
resulting from the skewed distribution of gamma 
heating. 

The importance of this function, combined with the 
requirement of long-term operation, dictates a design 
emphasis on reliability. The heater is constructed with 
bayonet-type heating elements embedded in a 
34-in.-thick 2024-T4 aluminum plate. The elements are 
arranged in three zones of three elements each as shown 
in Fig. 3.8. The partial contribution from each of the 
zones to the total auxiliary power output can be 
manipulated to satisfy operating conditions. The heater 
design calls for an input of 3 kW(t) at the back face. 
Each of the nine heating elements is rated at 1 kW and 
is warranted by the supplier to withstand long time 
exposures in nuclear environments. Two of the three 
elements in each zone will be operated at approxi­
mately one-half of rated power, while the third element 
is held in reserve. Each heater will be required to 
operate from 4000 to 5000 hr. 

Forced Convecuve Cooling 

Battelle's calculations of the heat flux emerging from 
the front and back faces of the capsule indicate that 
boiling of the pool water could occur at full power. One 
design requirement for the capsule is that boiling r.iust 

http://fc.ee
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HEATIHG ELEMENT 
(THREE PER ZOME) 

HEATER LEADS -

HEATER PLATE 

3 SF.'ASATELY 
CONTROLLED 
ZONES 

3 / 8 " -

Fig.3.8. Electrical heater de^n. 
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not occur near the realtor core, due to stipulations in 
the BRR operating licenre. In order to prevent boiling, 
a high heat transfer iMe from the capsule to the 
surrounding watev must be guaranteed. Calculations by 
Bat telle and Westinghci >x have confirmed that neither 
natural convective cooliig nor forced cooling with 
laminar flow will yield heat transfer coefficients high 
enough to guarantee that boiling will not occur at the 
faces normal to the core. At steady-state full power the 
pool temperature could be as high as 120°F. A 
temperature drop across the film of 100°F may 
produce boiling. 

The problem has been solved by constructing a 
channel for forced cooling at the front and back faces 
having a cross section of V8 by 13 in. (see Fig. 3.7). At 
flow rates of 6 gpm the flow in the channel becomes 
turbulent, heat transfer is high, and the film tempera­
ture drop falls to the order of 10 to 20°F. The 
remaining four surfaces are cooled sufficiently by 
natural convective processes, since heat finx normal to 
these surfaces is substantially lower. 

Capsule Construction 

The capsule «ide, top, and bottom walls are struc­
turally supporting and are fabricated of V2-in.-thick 
plates of 6061-T6 aluminum alloy. The two face plates 
are made of the same material but only % in. thick. 
Stainless steel pins are positioned between the face 
pla'e and the heater assembly in order to maintain the 
appropriate gap spacing. The flexibility of the face 
plates enables the water pressure of the pool to cause 
the plates to conform to the spacer profile. The four 
walls constituting the frame are first welded together, 
and then the face plates are last to be welded to the 
structure. 

Upon completion of the assembly, the capsule integ­
rity will be tested by means of a helium leak test. A net 
pressure difference of 1 atm (14.7 psia) will be imposed 
during the test. Experimental conditions will call for an 
external pressure 3 to 10 psi over internal pressure. 

Analytical Verification of Design 

Thermal analysis of the proposed capsule design has 
been carried out by the Battellc Columbus Laboratories 
and verified by Westinghouse. A parametric study was 
completed prior to final design acceptance in order to 
determine the appropriate encapsulation geometry and 
dimensions. It was further deemed useful to evaluate 
the sensitivity of the specimen temperature distribution 
to the various design parameters. Those considered 

most critical were: 

1. Gap conductance 
(a) Width 
(b) He-N composition 

2. Auxiliary heat input 
3. Raaiative heat loss 
4. Flictuation in internal heat generation (directly 

reWted to reactor power) 
5. Losses through gap spacers 
6. Contact resistance through the specimen-heater in-

The results have demonstrated that the contact 
resistance at the specimen-heater interface and the 
radiative heat losses at the sides of the specimen affect 
temperatures by 2 to 3%. The gap widths were 
established at 0.030 to 0.045 in., as described pre­
viously, based on the initial condition of a pure helium 
gas in the gap. 

The percentage of heat conducted through the spacers 
rather than across the gap has been a matter of some 
concern. At substantial percentages, one begins to lose 
the temperature control effectiveness promised by the 
use of variable gas mixtures. The final spacer configura­
tion chosen was a 1.414-in. square grid of V8-in.-diam 
stainless steel pins. The pins were interference fitted to 
holes in the heater plate with the ends contacting the 
face plate turned down to 0.057 in. The thermal 
analysis indicates that this configuration will conduct 
approximately 5% of the total heat crossing die gap. 
That figure is sufficiently low to maintain the effective­
ness of the gas mixture mechanism for controlling heat 
flow. 

Optimal heater power was determined to be 3 kW(t). 
Effects of this parameter on the temperature distri­
bution are as described in the section on "Auxiliary 
Heat Input." 

Temperatine Measurement 

Specimen temperatures will be monitored throughout 
the irradiation by 16 thermocouples placed inside each 
capsule at the positions shown in Fig. 3.9. The six 
thermocouples positioned at the bottom o<" the ma­
chined slots will provide the data needed to establish 
the through-thickness (4-in. dimension) gradient and 
also the axial temperature distribution. The latter 
interpolation defines the temperatures in the crack 
propagation regions for the two specimens. Four of the 
six measurements would be sufficient to characterize 
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NOTE: 
POSITIONS NUMQERED 
I I AND 12 ARE DIRECT 
MEASUREMENTS OF SMALL 
SPECIMENS P'.CKEO 
INSIDE THE HOLES. 

Fig. 3.9. Thermocouple positioiu inside capwie. 
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these temperature dstributions, but again, as in the case 
of the heater:, failures are being anticipated in the 
temperature measurement scheme, and redundancy has 
been incorporated whereve* possible. 

Eight more thermocouples are located on the periph­
ery of the specimens uid near the holes. With these 
temperature measurements it will be possible to de­
scribe the re l i an t temperature distributions in the 
large specimens very accurately by comparing the 
thermocouple readouts with the computer-generated 
temperature maps prepared before the experiment. 
Some of tht temperature measurements will be used as 
feedback in the automatic temperature control cir­
cuitry. 

In addition to the thermocouples placed on the large 
specimens, two thermocouples are provided to make 
temperature measurements in iwo of the four holes. 
The prime objective here .o to monitor a potential 
overheating condition among the many small specimens 
to be packed in the 4T holes. Hot spots may arise 
locally due to the summed contact resistance occurring 
for all the interface", encountered normal to the hole 
axis (4-in. dimension). 

Target Ftuence 

The program goal is to irradiate the 4T compact-
tension specimens as uniformly as possible to a fiuence 
of S X 1 0 " neutrons/cm2 (£"> 1 MeV) at a nominai 
temperature of 550°F. These conditions will most 
accurately simulate the type of damage incurred in a 
reactor pressure vessel wall at the end of plant ! f e . The 
target fiuence will be applied to the midthickness ot the 
specimen r«rfier than at the front face. 

Four inches of steel attenuate neutron flux very 
rapidly. Therefore, the capsule will be rotate? 180° at 
the completion of each reactor operational cycle (21 
days) to build up a fiuence symmetrical about the 
midthickness. 

Measurement of BRR Neutron Enviror.i.ir.;? 

Battelle Memorial Institute has conducted detailed 
studies of the BRR core to characterise the spatial ana 
energy distribution of the neutron flux at the 4T 
compact-tension specimen irradiation positions. A cap­
sule mockup was constructed consisting of two stee' 
plates, each 2 in. thick, 10 in. wide, and 20 iii. high, 
sandwiched between two aluminum plates. The dimen­
sions of the assembly combined with appropriate 
positioning relative to the core resulted in thicknesses 

of water, aluminum, and steel nearly identical to those 
of the actual irradiation capsule. 

Dosimetry experiments were conducted at the north, 
east, and south faces of the core at iiie positions where 
the irradiation capsules will be placed (jee Fig. 3.10). 
At all three faces of the core, the dosimetry included 
(1) nickel wires wrapped vertically around the outside 
of the assembly at approximately 2-in. intervals, (2) 
nickel wire placed vertically on the center line between 
the two 2-in.-thick steel slabs, (3) iron wires also 
located at the center line of the capsule, and (4) a 
self-powered thermal-neutron detector placed on the 
outside cf the aluminum plate facing the core. The 
self-powered neutron detector was used *.o monitor the 
total neutron exposure in the irradiation capsule. The 
wires provided a description of the spatial distribution 
of the fast-neutron flux throughout the capsule. At the 
north face of the core two additional packages of ten 
dosimeters each were placed at the cer*;r of the 10- by 
20-in. faces between the aluminum and iteel to provide 
a description of the energy spectrum of the neutron 
flux at the outside surfaces of the steel slab 

The experiments were conducted with the capsule 
mockup centered on the core midplaae. Short-term 
irradiation of the assembly was at a core power level of 
80 kW(t) for a duration of 5 nun. Only preliminary 
results of the flux measurements are available at this 
time, hut fast flux appears to be attenuated by a factor 
of 8.7 through the steel specimens. Measured values of 
the flux at the lector midplane indicate that the 
desired target fiuence of 5 X 1 0 1 9 neutrons/cm2 (E> 1 
MeV) at the midthickness can be achieved by irradiating 
for 15 full-power reactor cycles. In the regions of the 
crack tips the reactor power will be somewhat lower 
(~10%), and therefore approximately 17 operational 
cyclts, or one calendar year, will be required to meet 
the target fiuence. 

Measurement of Fiuence in the Capsules 

Dosimetry must be placed inside the specimen irradi­
ation capsule so that the total amount of fiuence and its 
spatial distribution may be ascertained in the postirradi-
ation analysis. Two types of dosimeters are to be 
employed. 

The first type of dosimetry monitor, gradient wires, 
will be inserted in the specimen capsules in the six 
locations shown in Fig. 3.11. Each wire will be 3% in. 
long and will be oriented through the thickness. 
Sectioning these wires after the irradiation will produce 
a number of samples which will yield a range of counts 
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Fig. 3.10. BRR core configuration for 4T irradiations. 

SHIN ROO 

through the specimen thickness. It is planned to co»nt 
five segments for each wire. Iron and nickc! wires will 
be used in each of the six designated measuring points 
to monitor fast-neutron faience. Also, jnshielded Al— 
0.15% Co wires will oe used at the bottom of me notch 
in each capsule (positions 2 and 5) to give some 
measure of the thermal-neutron fluence. 

The second type of monitor, 2 3 8 U , will be placed in 
each capsule in positions 1 and 4. It will consist of 
depleted 1 3 S U powder encapsulated in a small brass 
vial, shielded by \ in. of cadmium oxide powder. 
These monitors will provide point measurements of 
fluence only and are incorporated as supporting data to 
the gradient wiie activity measurements. 

The internal dosimetry, described in Table 3.2, has 
teen procured, prepared, arid incorporated in the 
irradiation specimens at this tinv. 

Additional dosimetry will be placed external to the 
capsule to continuously monitor the accumulation of 
dose. This will take two forms: removable dosimeters 
and self-powered neutron detectors (SPND). The latter 
will remain in position at all times and produce an 
electrical output which can be monitored continuously 
above the pool. All external dosimetry will be located 
adjacent to the face closest to die neutron source. 
Although the SPND registers only those neutrons in the 
thermal energy range, this is simply convertible to a 
measure of fast flux by applying a fixed fast/thermal 
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CRACK PROPAGATION 
REGIONS 

4T SPECIMENS 

POSITIONS I . u: 

N i 5 8 WIRE 

F e H WIRE 

b 2 3 8 (SHIELDED) 

POSITIONS 2 . 5: 

H i 5 8 WIRE 

t-e 5 * WIRE 

C o 5 9 (UNSHIELDED) WIRE 

POSITIONS 3 . 6: 

N i 5 8 WIRE 

F e 5 4 WIRE 

Fig. 3.11. Capsule interr̂ ?' dosimetry. 

Table 3.2. Capsule internal dosimetry 

Material + reaction Half-life Threshold 
energy (MeV) Form 

5 9 Co(fi , 7 ) 6 0 Co 5.2 y Thermal 4-in.-long wirr, 0.020 in. 
diam, Al-0 15% Co 

s 4Fe(n,p) S 4Mn 313 d 2.4 

5 8 Ni(n,p) 5 8 Co 71.4 d 2.5 

2 3 8 U(fis$ion) , 3 7 Cs 30 y 1.7 

4-in.-long wire. 0.009 in. 
diam 

4-in.-long wire, 0.030 in. 
diam 

Depleted 2 3 8 U , 
CdO shielded 

Number per 
capsule 

2 

6 

6 

2 
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Fig. 3.12. Relative gamma heating rates predicted for 4T specimen assemblies. 
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ratio obtained in the dosimetry experiments discussed 
previously. 

i*redictioa of Internal Gamma Heat Generation 

Another ex;»erimeni was conducted in the BRR to 
evaluate the amount of internal heat generation oc­
curring at full core power. A 6 X 6 X 4 in. steel block 
was positioned adjacent to the core face in the location 
to be occupied by an irradiation capsule. The top, 
bottom, and sides were insulated with foamed polysty­
rene to promote one-dimensionai heat flow, and the 
block was instrumented with a thermocouple on each 
face and r*t seven interior positions along the block 
center line. Temperature measurements were recorded 
at a reactor power of 1.5 MW(t) following the attain­
ment of thermal equilibrium. 

The experiment was modeled by a Bat telle heat 
transfer computer code (SADSON). Temperature distri­

butions were calculated on an iterative basis with 
estimated volumetric heating rates until the experi­
mentally determined distribution was closely matched. 
The local volumetric heat generation rates finally 
determined appear in Table 3.3 as SADSON program 
input. Integration of the values in the right-hand 
column of the table will yield total volumetric heat 
generation rate?. 

Measurements were also made to map the relative 
gamma heating rates in the axial direction (20-in 
capsule dimension) and the azimuthal direction (10-in. 
capsule dimension). The results are shown i.i Fig. 3.12. 
As expected, the heat input profiles are nearly de­
scribed by the roerposition of two cosine curves, cne 
in each direction. Note that heating rates drop to 
approximately 90% of the peaks in the region of the 
notch roots. 

Table 3.3. BRR gamma heating rates 

Thermocouple 
No. 

Location 
from front 
face (in.) 

Measured 
temperature extrapolated 

to2MW(°F) 

SADSON 
calculated 

temperature 
TF) 

SADSON program 
ii'pbt. capsrle 

heat generation 
rates (Btu in . - 3 h r - 1 ) 

1 0 173 174 187 
2 % 186 188 137 
3 % 191 196 101 
4 % 194 201 68.4 
5 1 195 203 45 
6 1 • ' 

1 >2 
194 702 27 

7 4. 190 196 12.6 
8 3 1 78 177 4.5 
9 4 158 155 
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4. Pressure Vessel and Piping Investigations 

These investigations encompass the complex stress 
state task, the simulated service test task, and thai part 
of the specific safety res^aich task dealing with the 
extent of ductile pipe rupture. No work vvas performed 
-his reporting period under the complex stress state 
tas» . The flawed t-usile specimen •ests and pressure 
vessel tests discussed herein as well as the supporting 
properties testing and acoustic emission monitoring for 
the pressure vessel investigations are part of the 
simulated service test task. 

i . Research sponsored under UCCND Subcontract No. 3202 
between Union Cs bide Corporation and Southwest Research 
Institute. 

TESTING OF 1- AND 6-in.-THICK 
TENSILE SPECIMENS1 

S .C.Grigory 
Southwest Research Institute 

A final series of four 6-in.-thick tensile specimens 
were tested. Three of these contained fatigue-sharpened 
flaws, while the fourth was tested without a flaw. 
Results from these tests are summarized in Table 4.1. 
Two tests of the series were unique, in that specimen 
15, which contair.d a flaw, was tested at -40°F and 
failed at a stress of about half yield as predicted by 
fracture mechanics, and specimen 17 did not contain a 
flaw and was pulled in tension past necking strain. A 

Table4.1. Tensile test data for longitudinal specimens. 14 to 17 

Gage length, 24 in.; width, 18 in.; thickness, 6 in.; 
gross area, »08 in. 

Specimen Test 
temp 
(°F) 

N';t 
area 

(ir, 2) 

Elastic 
Urr.it 
load 
(kips) 

Elastic limit 
stress (ksi) 

Gross Net 
section section 

Maximum 
load 

(kips) 

Maximum stress 
(ksi) 

Average strain" 

No. 

Test 
temp 
(°F) 

N';t 
area 

(ir, 2) 

Elastic 
Urr.it 
load 
(kips) 

Elastic limit 
stress (ksi) 

Gross Net 
section section 

Maximum 
load 

(kips) Gross 
section 

Net 
se lion 

A l 
maximum 

At 
separation 

14 :oo 94.0 5800 53.7 62.4 6800 63.0 72.4 1.81 4.22 
16 75 95.05 620C S7.4 65.2 6200 57.4 65.2 0.15 0.15 
15 -40 95.05 3400" 31.5* 36.7* 3400 31.5 36.7 0.09 0.0? 
17 200 95.09 7560 70.0 9100 84.3 10.30 21 OOZ* 

(8100) c </5.0) c 

aR3su!ts obtained from test-section displacement sage reading ..cross flaw divided by gage length (24 in.',. 
^Failed below yieM. 
cThese were apparent maximum 'aiues prirr to 48-hr hold period. 
^N.'cked down but did not separate. 

http://Urr.it
http://Urr.it


BLANK PAGE 
' i 



38 

rather anomalous result not yet fully understood was 
obtained. Maximum load was reached at about 8 
million pounds and a strain of 3%. With this load or 
less, the specimen was strained to about 5%. Some 48 
hr elapsed before attempting to separate the specimen. 
During this time the specimen was maintained at 
temperature but without being loaded. At the end of 
this time it took over 9 million pounds to reinitiate 
plastic deformation. The specimen was never actually 
separated due to displacement limitations on the 
machine. These results as v/eil as those of the other two 
specimens have been reported.2 

CHARACTERIZATION OF INTERMEDIATE 
VESSEL V I 

W. J. Stelzman 

Mechanical properties of material obtained from the 
6-in.-thick prolongation of intermediate vessel V-l wv.-re 
determined. These data were necessary to assist in the 
prediction of failure for the preflawed vessel study in 
which vessel V-l is the first to be studied. However, 
before reporting the data, it was necessary to redefine 
the specimen orientation notation because of the 
cylindrical shape of the material tested. Figure 4.1 
illustrates both the orientation and the notation used to 
describe the attitude of the specimens tested. 

Results from drop-weight tests3 using CA-oriented 
specimens indicate nil ductility transition (NDT) tem­
peratures of 0 ° f at the %41 depth and 10°F at the 
7 , 6 T and ' V, 6 T depths from the outer surface of th' 
vessel. Results from standard 0.5 Co-and 0.178-in.-gage-
diam tensile specimens at room temperature for various 
depths through the wzil thickness are listed in Table 
4.2. Yield strength differences are evident and are due 
to apparent difference ir» cooling rates at the inner and 
outer surfaces during the quenching. The outer surface, 
which would be the most easi'y coded, shows a yield 
stress in excess of 76,000 psi. The yie'd stress then 
drops rapidly to 70,000 psi by the V4T depth and 
remains relatively constant through the vessel thickness. 
At the 2 % 4 T depth (V4 in. from the inner wall), the 
yield strength indicates a maximum of 72,000 psi. 

-«irra 

2. S. C. Grigory, Tests of 6!nd.-Thick Flawed Tensile 
Specimens Thitd Technical Summary Report, Longitudinal 
Specimens Numbers 14 through 16, Unflawed Specimen 
Number 17, HSSTP-TR-22, Sc u!h»est Research Institute 
(October 1972). 

3. 1971 Annual Book of ASTM Standards, Part 31, pp. 
390-609, American Society for Testing and Materials, E 
208-69. Jury 1971. 

Fig. 4.1. Specimen orieLtatioa botation for HSST inter 
mediate veaael material! showing tensile, Charpy V-aotch, aad 
drop-weight 

Table 4.2. Tensfle properties of 6-ia. waE thickness HSST 
intermediate vessel V-l from ckaunferential-oriented 

specimens of ASTV A508, class 2 forging sted 

Depth* 
Strength property 

(kpss) Total 
£H>i:<?ationc 

(%) 

Reduction 

W/6) Lower 
yield 

Ultimate 
tensile 

Total 
£H>i:<?ationc 

(%) (%) 

1/16 961 20.0 66 
1/12 l+.S 9 6 4 d 23.0 d 5 4 d 

1/4 71.1 32.6 19.5 65 

1/2 
68.8 
70.6 d 

89.5 
91.2** 

21.5 
25 JSd 

66 
59" 

3/4 
3/4 

68.6 
70.3" 

89.5 
91.6 d 

21.0 
24.5* 

65 
62* 

23/24 69.5' 9 1 / 23.0' 62 ' 
23/24 71.6' 92.6* 20.0' 55' 

'Average of two specimens tested at 75° F and strain rates of 
0.016 min'1 for 0.178-in.-gage-diam specimens and 0.0089 
min - i for 0.50*-in.-gage-diam specin«ens. 

^Fraction of wall thickness ,6 in.) from outer surface of 
vessel. 

cLength to-diamet ;r ratio cf 7. 
''Results from standard 0.505-in.<gage<liam specimens; re­

minder of results from 0.178-in.<gage<diam miniature speci­
mens. 

*Uesults of individuzl specimens. 
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These data indicate *hat tne cooling late for inner 
surface material during the quench cycle was not much 
higher than for (he central material but quite a bit 
lower than for the outer surface material. 

Standard Charpy V-notch impact results from %T 
and %T CA-oriented specimens are shown in Fig. 4.2. 
A correlation energy of 33 ft-lb b<:*ed upon the 
droo-weight NDT temperature (10°F) for these depths 
and orientation and a ductile shelf energy of 90 ft-lb are 
indicated. A C!:arpy impact energy scan was made of 
the surface and central (V 4. %. and %T) materials at 
four test temperatures l -50, 0. SO. and 100°F). The 
results show that, within experimental scatter, the 
fracture energies for the outer surface material were 
approximately 20 ft-lb highei than those for the inner 
surface or the central materials. No significant differ­
ence was noted between the central or inner surface 
materials, and both correlated with the %T and %T 
results over the same temperature range. The energy 
scan also indicated a correlation energy of approxi­
mately 49 ft-lb at the NDT temperature of 0°F for the 
outer surface material. 

Charpy V-notch impact results from V3T and %T, 
AC-oriented specimens indicated a ductile-brittle transi­
tion temperature of -40°F at the 32 ft-lb fracture 

energy level and a ductile shdf tnergy of approximately 
135 ft-lb. Therefore the dyramic fracture properties for 
a radial crack propagating in the circu: '.for^iitial direc­
tion are superior to those of a i?'***' crack propagating 
in the axial direction. 

Static lower-bound fracture toughness data, Kjctt, 
were also obtained from stamlard Charpy V-notch 
specimens fatigu* cracked to a total depth of 0.210 to 
0.240 in. (a/w = 0.532 to 0.609). The precracked 
specimens were then te^t-d in slow bend at seven test 
temperatures ( - 5 0 , 0, 50, 76, 100, 130, and 2G0"F) 
and the fracture parameters determined by the equiva­
lent-energy method proposed by Witt4 and the ASTM 
standard E 399-70T. s The results from central rv.aicria! 
are shown in Fig. 4.3, where they are compared with 
results, to be discussed later, which were obtained by 
Westinghouse from 0.85T and 4T compact-tension 

4. F. J. Witt, The Equivalent Energy Method for Calculating 
Elastic-Plastic Fracture." Paper 12, HSST Program Fifth Annual 
Information Meeting, Oak Ridge Natior.il Laboratory, Mar. 
?5-26,1971. 

>- 1971 Annual Book of ASTM Standard*. Part 31. rp. 
9.9-35, American Society for Testing am* Materials, E 
399-70T, July 1971. 
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fig. 4.3. Lower-boaad fracture toughness values obtained from intennednrte vessel V-1 center material, ca-cumferental 
otfeatatson, 6-in.-thick ASTM A508, cbss 2 forging steel. 

specimens of the same material and at similar depths. 
The precracked Charpy specimen results adequately 
describe the lower-bound fracture toughness character­
istics as defined by the lower-bound procedure.6 Data 
from the inner surface material correlated with the 
central material when experimental scatter was con­
sidered. The outer surface material dsta indicated a 
•static fracture toughness transition rsnge below -50°F. 
Jtherwi.te the K/C(j plateau values from all materials 
including both surfaces appear to be similar. 

A similar study of the dynamic fracture toughness 
parameter, K/dd, obtained from precracked Charpy 
V-notch specimens fatigue cracked to a depth of 0.210 
to 0.240 in. and tested in impact over the temper?.cure 
laiige 0 to 350°F is in progress. Load-time traces of the 
itttact loading to fracture are being used to determine 
the ener^/ values required for the Kjdd calculation. 

Materials from intermediate vessels V-2, V-3, and V-4 
are filso being studied to obtain similar data. 

FRACTURE TOUGHNESS CHARACTERIZATION 
OF HSST INTERMEDIATE PRESSURE 

VESSEL MATERIALS7 

P. C. Riccardella T. R. Mager L. R. Singer 
Westinghouse Electric Corporation 

Introduction 

In order to demonstrate the capability to predict 
failure of large, heavy-walled pressure vessels under 
service-type loading conditions, the HSST program 
includes a series of pressure vessel tests which are 

6. F. J. Witt and T. R. Mager, A Procedure for Determining 
Bounding Values en Fracture Toughness K| c at Any Tempera­
ture, ORNL-TM-3894 (October 1972). 

7. Work sponsored by HSST Program under UCCND Subcon­
tract No. 3196 between Union Orbide Corporation and 
Westinghouse Electric Corporation. 
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intermediate between conventional laboratory test, and 
a full-scale vessel. The intermediate pressure vt sels 
contain a cylindrical test course approximately 54 in. 
long and 6 in. thick. The first two vessels are fabricated 
from ASTM A508, class 2 forging steel. In Drder tc 
characterize the material properties of the test vessels. 
24-in. prolongations of the test courses were removed 
prior to welding on the heads. This sectio- describes the 
fracture toughness testing of the forging prolongations 
from the first two vessels. The specimens were tested 
over the angt 0 o 200°F in orcier to establish a 
lower-bound curve of the fracture toughness of the 
pressure vessel mat«.rkl using Witt's8 equivalent-energy 
concept. 

8. F. J. Witt, "A Procedure for Determining Bounding Values 
on Fracture Toughness Kjc at Any Temperature," Paper 13, 
HSST Program Fifth Annual Information Meeting, Oak Ridge 
Nation*! Laboratory, March 1971. 

Specimen Fabrication 

A total of 44 compact-tension specimens were 
machined from the forging prolongations from the first 
two pressure vessels (22 each). The specimens included 
seven 0.85T CT specimens from the outside surface of 
each vessel, six 0.85T CT specimens from the center 
thickness region of each vessel, two 0.85T CT speci­
mens from .'he inside surface of each vessel, six 4T CT 
specimens from the center region of each vessel, and 
one 4T CT specimen from the inside surface of each 
vessel. Figure 4.4 contains sketches which show the 
exact location from which each type of specimen was 
machined. The specimens were fatigue precracked 
accordiiife to the methods specified in ref. 9. 

9. Tentative Method ofTest for Plane-Strain Fracture Tough­
ness of Metallic Mr.teriab, ASTM F T99-70T. 

CENTER 
THICKNESS 
SPECIMEN 

*T - COMPACT TENSION SPECIMENS 

.850T-C0MPACT TENSION SPECIMENS 

SCALE: I/* 

Fig. 4.4. Machining of fracture toughness specimens from HSST intermediite pressure vessel prolongations. 



42 

Test Pvogrm 

Specimen test temperatures were specified during the 
test program in order to establish pressure vessel test 
temperatures which would yield failures in the desired 
fracture regimes (frangible, transitional, or ductile). 
Test temperatures of 130°F for the first vessel (V-l) 
and 32° F for the second vessel (V-2) were selected on 
the basis of this and the stuJy discussed in the previous 
section. These test temperatures are in the range where 
very large specimens (greater than 6T CT) would be 
necessary to perform valid fracture toughness testing 
according to the ASTM recommended procedure.9 For 
this reason, the equivalent-energy concept8 was used' o 

interpret the data in terms of lower-bound values of the 
actual fracture toughness. 

Test Results 

The results of the tests for vessels V-l and V-2 are 
summarized in Tables 4.3 and 4.4 respectively. Lower-
bound values of fracture toughness computed from the 
test data using the methods of ref. 9 are listed in these 
tables and are plotted as a function of temperature in 
Figs. 4.S and 4.6 (see also Fig. 4.3). 

The results of these tests indicate that the tough less 
of the forging material used for the first two inter­
mediate pressure vessels is comparable to toughness 

Table 4.3. Fracture toughness results from 4T and 0.850T compact-tension specimess 
from ORNL vessel forging prolongation V1B 

Specimen 
No. 

Test 
temp.(°F) 

Crack 
length (in.) 

Maximum 
load (lb) 

Energy to 
rrwximum load 

(in.4b) (lb) 

Energy to 
PQ 

(in.4b) 

KIcd 
(ksi>/in.) 

0.850T compact-tension specimens (outside surface) 
V1B-13 -100 0.958 8,390 230.2 3,000 17.6 113.0 
V1B-12 -50 0.883 10,750 266.2 3,100 17.0 112.0 
V1B-7 0 0.888 12,300 1,037.7 4,100 32.4 214.0 
V1B-8 +100 0.868 12,090 813.3 4,100 29.6 192.0 
V1B-10 +130 0.871 11300 842.9 4,000 26.7 202.0 
V1B-11 +130 0.896 11,100 945.8 2.500 21.4 219.0 
V1B^9 +200 0.858 11350 1,036.9 4.100 30.7 209.0 

0.850T compact-tension specimens (center thickness region) 
V1B-19 - 5 0 0.880 10,250 209.7 5,000 41.0 103.0 
V1B-14 0 0.888 11,370 410.8 4,000 28.0 142.0 
V1B-1S +100 0881 11,400 1,059.2 4,200 30.9 225.0 
VlB- ,.7 +130 0.888 10350 1,391.6 3,600 29.7 228.0 
V1B-18 +130 0.868 11,350 1,312.4 3,100 18.7 237.0 
V1B-16 +200 0.880 11,000 1,005.0 4,000 29.5 213.0 

0.850T compact-tension specimens (inside surface! 
V1B-20 + 130 0.880 11,600 975.5 3,000 15.7 215.0 
V1B-21 +130 0.883 11,390 1,100.7 3,600 22.6 230.0 

4T compact-tension specimens (center thickness region) 

V1B-6 0 4.098 149,000 5,264.0 62,000 900.0 136.0 
V1B-2 +100 4.123 232,000 27450.0 80,000 1632.0 292.0 
V1B-1 +120 4/128 204,500 22,372.0 60,000 924.0 285.0 
V1B-5 +130 4.120 227400 28 130.0 42,000 450.0 295.0 
V1B-4 +130 4.273 213400 27,172.0 78,000 1584.0 305.0 
V1B-* +200 4.100 228400 25,134.0 80,000 1584.0 280.0 

Y1B-22 +130 
4T compact-tension specimen (inside surface) 

4.13 J 232,000 35420.0 80,000 2464.0 270.6 
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V2B-22 

Table 4.4. Fracture toughness results from 4T and 0.850T compact-tension specimens 
from ORNL vessel forging prolongation V2B 

Specimen 
No. 

Test 
temp. (°F) 

Crack 
length (in.) 

Maximum 
load (lb) 

Energy to 
maximum load 

(in.-lb) 
*Q 
(lb) 

Energy to 

(in.S>) 

KIcd 
(kshjui.) 

0.850T compact-tension specimens (outside surface! 1 
V2B-11 -50 0.886 12,200 437.8 4,000 27.6 146.3 
V2B-9 0 0.851 12,200 760.2 4,000 28.9 176.7 
V2B-10 +25 0.873 12,250 911.4 4,000 29.9 198.0 
V2B-12 +32 0.873 12,440 852.6 4,000 25.8 206.2 

+i00 0.860 12,450 910.1 4,000 26.2 206.5 
V2B-13 +130 0.855 12,300 736.2 4,000 25.0 188.2 
Y2B-7 +130 0.873 11,550 860.2 4,000 28.8 196.0 

0.850T compact-tension specimens (center thickness region) 

V2B-16 0 0.913 10,500 493.2 4,000 28.6 160.5 
V2B-17 +25 0.860 11,800 575.9 4,000 27.5 160.2 
V2B-18 +32 0.890 11,260 958.4 4,000 30.0 209.0 
V2B-1S +50 0.885 11,500 729.9 4,000 26.3 190.1 
V2B-19 +50 0.885 11,200 941.4 4,000 31.2 201.3 
V2B-14 +100 0.893 11,400 1,173.0 4,000 28.0 241.2 

G.850T compact-tension specimens (inside surface) 

V2B-20 +32 0.876 12,120 911.8 4,000 28.5 204.1 
V2B-21 >32 0.886 11,600 697.3 4,000 29.5 178.7 

4T compact-tension specimens (center thickness region) 

V2B-4 0 4.125 164,000 6,768.0 80,000 1564.0 148.0 
V2B-6 +25 4.133 184,500 9,344.0 80,000 1512.0 177.1 
V2B-2 +32 4.295 186,000 10,772.0 80,000 1516.0 202.4 
V2B-5 +50 4.115 236,000 29484.0 80,000 1532.0 311.3 
V2B-1 +75 4.326 210400 26,992.0 30,000 1724.0 304.7 
V2B-3 +100 4.120 237400 30,420.0 80,000 1*20-0 311.4 

+32 
4T compact-tension specimen 'inside surface) 

4.100 180400 14,260.0 80,000 2576.0 165.7 

data which have previously been determined for AS33, 
grade B, class 1 steel. 1 0 

FIRST INTERMEDIATE VESSEL TEST 

R. W. Derby 

Introduction 

The first 6-in.-thick, 39-in.-OD intermediate-size pres­
sure vessel was flawed and burst during the reporting 

10. T. R. Mager, "Experimental Verification of Lower Bound 
Kjc Values Utilizing the Equivalent Energy Concept," Paper 23, 
HSST Sixth Annual Information Meeting, Oak Ridge National 
Laboratory, A;>nl 1972. 

period. Six 0.85-in.-thick models were also fabricated, 
flawed, and burst. The models were geometrically 
similar to the prototype except for flaw geometry and 
were made from the prolongation of the cylindrical 
forging which had been given the same heat treatments 
as fie vessel. The test procedures and significant results 
are summarized below. 

F.itigue Sharpening of the Machined Flaw 

Oi.e problem encountered during preparation of the 
first intermediate vessel was the growing of a suitable 
fatigue crack from a starter notch. The basic approach 
was identical to that used previously to sharpen the 



45 

cracks in the 6-in.-tnick tensile specimens.11 However, 
it was necessary to develop special tools to manufacture 
the starter notch, because the vessel was too heavy to 
fit under any of the locally available machine tools. A 
vessel with the fixture for machining the crack attached 
is shown in Fig. 4.7. 

The ultrasonic monitoring techniques which had 
worked so well for the tensile specimens were not 
strictly applicable to a cylindrical geometry, because a 
shear wave is always generated when a longitudinal 
wave arrives at an interface. Hence it seemed essential 
to make several trial runs on a prolongation before 
actually trying the technique on a vessel. After several 
practice runs, it became apparent that there was a 
definite trend for a fatigue crack in the cylindrical body 

11. A. A. Abbatiello and R. W. Derby, Notch Sharpening in a 
Large Tensile Specimen by Local Fatigue. ORNL-TM-3925 
(November 1972). 

to grow more slowly than in the tensile specimens. In 
fact, it was necessary to use more than three times as 
many cycles (90,000 instead of 25,000) to obtain the 
target growth of V2 in. 

Instrumentation and Test Facility 

The vessel was instrumented with strain gages, ther­
mocouples, and acoustic emission transducers as shown 
in Fig. 4.8. Special techniques were developed for bond­
ing the strain gages and protecting them against the 
environment. Both inside and outside gages were sealed, 
since leakage at the closure was considered a distinct 
possibility. 

A perspective view of the test facility is shown in Fig. 
4.9, and a general view of the test pit is given in Fig. 
4.10. Two views of the fully instrumented vessel in the 
test pit are shown in Figs. 4.11 and 4.12. 

PHCTO T9&26 

Fig. 4.7. Masonry saw crack prcpwation tr 're. 
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was quite direct; the seat" were polished by a special 
device desig? ed in the field, and the iead-throughs 
themselves were screwed d< wn much moie tightly than 
had be*n Ihe practice under laboratory conditions. 

The most significant 3train-gage data acquired during 
the burst test of the first iVT are shout in Fig. 4.13. 
This prcaure-strain curve, obtained from an XY re­
corder, rtP.*cts the gross strain in the vessel. (Gross 
strain is defined as the hoop strain ISO" removed from 
the flaw.) Four model vessels were also tested at 130°F. 
Shown for comparison in Fig. 4.14 are the results cf 
these mode! tests w ;lh the prototype results. The most 
significant data from both models and the prototype 
are summarized in Table 4.5. As mentioned earlier, the 
models were made from a prolongation of the cylindri­
cal forging used to make the prototype. The flaws, 
however, were not to scale; thus the fracture pressure 
and strain of the models canr.v t be directly associated 
with that of the prototype. Also, since the forging is 
quenched and tempered, such properties as tensile 
strength and toughness show a considerable systematic 
variation through the thickness. 

739 ft l ^ m . 

Fig. 4.10. Test part of the intermediate vessel test faeffity. Table 4.5. Model data for V-l 

Pressure Seals in the Closure 

The only significant problem encountered with the 
high-pressure system used during the burst test occiiT*^ 
?it the interface between the lead-through devices 
manufactured by Autoclave Engineering and the vessel. 
Each of these devices allows the passage of eight 
stainless steel sheaths through the vessel head. These 
sheaths contained thermocouples or rtrain-gage leads. A 
mrnber of these devices had been tested to 40,000 psi 
on a small-scale autoclave with no leakage. On the 
intermediate vessel, four of the lead-throughs leaked, 
three at pressures as low as 19,000 psi. After several 
attempts to reach pressure, it became obvious that there 
were three conditions that w;ie slightly different than 
those encountered in a laborfitDry tesv. First, the fmuh 
on the seats was not as goo£ ;.s that on .he small-scale 
autoclave. Second, the *. ok ranees on the perpen­
dicularity of the scats to their holes could not be the 
same on « big head as on a small laboratory vessel. 
Finally, the head probably bends during loading and 
thus accentuates the Oiber two oroblems. The solution 

Test 
temperature 

«°F) 
Burst pressure 

Ocpsi) 
St.ain 

(%) Remarks 

130 32.2 1.65 
130 32.5 1.90 
130 31.5 2.60 Center material flaw 
130 32.0 2.60 Center material flaw 

0 ?5.0 1.* 
-35 31.0 0 9 
130 28.8 0-y2 Prototype 

In addition, at any given location, there must be a 
certain amount of anisotropy due to the working of the 
metal during the forging operation. Thus it is not 
possible to make a model from a prolongation and have 
it be truly similar to the prototype. If one considers 
anisotropy to be dominant, then the flaw in the mode] 
ends up on surface material. If, on the other hand, one 
places the flaw in th* model so that its tip resides in 
base metal, as does the tip of the flaw in the prototype, 
then the flaw in the model is no longer properly 
oriented. Tne problem is illustrated in Fig. 4.15. As a 
compromise, two models with each of the possible 
orientations mentioned above were tested. Returning to 
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ve 
F; . 4.14. one can see that the actual curve for the 

*! foil somewhere between those of the two models. 
. '« o( the expanded scale in the figure, the strains 

a> ..Mure in the models are not plotted. (The complete 
curves are shown later.) The figure clearly ;" jstratei the 
point frequently made during discussions of size effects 
- the normalized load-deflrction curve tot a large 

flawed structure is identical to that of a model except 
thai the strain a* failure is smaller in the large structure. 

A more detailed summary of mod?' test results is 
shown in Fig. 4.16. in which the scale ha$ been 
compressed to allow the burst conditions for the 
models to be plotted. Failure points are indicated by 
stars radiating from the final data point. Ignoring some 
difference in flaw geometry, several points of consider­
able interest are den.onttrated by this figure. First, the 
pain of !30°F models ih« wed excellent reproduci­
bility. Furthermore, the burst pressures for ail four 
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Fig. 4.14. Compuiaon between XY recorder intermediate 
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0RNL-DWG72-M1O 

ORIENTATION OF FLAW 
IN PROTOTYPE 

CENTER MATERIAL FLAW 
WRONG ORIENTATION 

PROLONGATION 

SURFACE MATERIAL FLAW 
CORRECT ORIENTATION 

MODEL VESSEL COUSSE 

Fig. 4.15. Orientation of model vowels in intermediate test 
vessel prolongation. 
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Fig. 4.16. Burst tests of 0.85-in.-thick models, vessel V-1. 

130°F tests were very similar and close to 32,C00 psi. 
Thus the decrea'ie in burst pressure due to size effect is 
relatively small, from 32,000 to 28,800, whereas the 
decrease in strain is from around 2% to around 0.9%. \ 
surprising result of the model tests was the burst of the 
-35°F vessel at something less than 0.2% strain (see 
Table 4.5). So far, this is the only model vessel tested in 
the HSST Program which aid not develop gross yielding 
before fa-lure. 

The exact significance of this test remains to be 
explained. The 0°F test was also noteworthy; the strain 
at failure in this test was almost exactly the same as for 
the 130CF tests of the same orientation. The burst 
pressure, however, was higher. Unfortunately, consider­
able difficulty was encountered with freezing of the 
pressurization medium, and it is believed that the 
indicated pressures may be too high. The strain data, 
hrwever, appeared to be correct. For future low-
temperature tests, alcohol will be used as the pressuriz­
ing medium in the hopes that the problem of freezing 
can »hus be eliminated. 

Crack-opening-displacement (COD) results were also 
obtained on vessel V-1. This COD device consisted 
essentially of a dial indicator mounted to show the 
increase of distance between two pins mounted at the 
edge of the notch. The cl'al was read by means of a 
closed-circuit TV camera. A plot of COD as a function 
of pressure is ,hown in Fig. 4.17. The numbers adjacent 
to the curves indicate the attempts to reach burst 
pressure. For example, on runs 1, 2, and 3, the 
lead-throughs leaked at approximately 19,000 psi. On 
th-, fourth run, a pressure above 25,000 was reached, 
and on the fifth and final run the burst pressure of 
28,800 psi was reached. The curve shown in Fig. 4.17 is 
a typical one for crack opening displacement - a large 
change in COD with small changes in pressure as burst 
pressure is approached. 

Mounted next to the TV camera mentioned above 
was a remotely operable 35-mm still camera. The 
principal purpose of the still camera was to serve as a 
backup for the TV system. Two frames taken by the 
still camera are shown in Fig. 4.13. The counter at the 
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bottom of the pictures is used to keep track c! trie 
sequence of pictures, whereas the clock at the upper 
right is extremely convenient when reviewing the TV 
tapes. Unfortunately, all of the most interesting frames, 
which would have shown a large increase in the size of 
the notch, were mined when a jet of high-pressure 
water from the failing vessel completely destroyed the 
camera. 

The effect of size was illustrated by the mode of 
fail ire as well as by the pressure and gross strain at 
failure. Figures 4.19 and 4.20 show The fracture 
patterns of a typical model and of the prototype. The 
important point is that the flaw in the model arrests, 
whereas the flaw in the prototype runs ihe full length 
of the specimen. A reason for this phenomenon is 
suggested below. 

The energy stored in a vessel due to pressurization is a 
function of volume, whereas the energy needed to 
generate a new surface depends more on area Thus the 
energy available increases as the cube of a dimension, 
whereas the '•» ;rgy needed increases to a lesser degree. 
Hence the propensity to fragment increases with size. 
Although the prototype did not actually fragment, that 
is it did not break into two pieces, in no way can the 
failure be called a leak. It also seems likely that without 
the restraining influence of the large bolted rmnway at 
one end of the v?ssel, a fragment w^uld have been 
formed. Furthermore, had the temperature been lower 
or the working medium more compressible, the forma­
tion of a fragment would have teen almost a certainty. 

A companion vessel will be tested under the same 
conditions except at a 'ower lemoerature. A more 
extensive discussion on vessel V-l re ults and related 

fracture calculations will be u -sented in conjunction 
with results from the second vessel test. 

Summary and Conclusions 

The first intermediate vessel was successfully tested. 
The importance of size was illustrated both by the 
lcwer strain or less normalized energy to failure in the 
prototype thai, in the models and by the mode of 
failure. 

The test also illustrated that a large flawed vessel, 
despite a size effect, will still retain a large margin of 
safety. The design pressure for the intermediate vessel 
was 9700 psi. Even with the large fla'v, the vessel held 
almost three times the code-allowable pressure. 

The test facility, including pump and computer, as 
well as numerous experimental techniques performed 
exceptionally well. 

ACOUSTIC EMISSION MONITORING 
OF FIRST INTERMEDIATE VESSEL TEST 1 2 

E. R. Reinhart S. P. Ying 
Southwest Research Institute 

Introduction 

The nondestructive test technique of acoustic emis­
sion holds considerable promise for use in the safety 
monitoring of nuclear pressure vessels because of its 

12. Research -^onsored under Purchase Order No 11Y-
2222V between Union Ca.bide Corporation and Southwest 
Research Institute. 



- I AMP REFLECTION 
IN SAFETY GLASS 

COD = 
0.000 in 

EXP. 9 

r-LAMP REFLECTION 
M iN SAFETY GLASS 

PHOTO 2348-7: 

I2:bfc: »7 c«?c 

COD-
0 0.014 in. 

FXP. 21 

TEST 1500 psi RESTARTING C-29-72 12:06:48 PM TEST 1 15,000 psi AND RISING 6-29-72 

Fig. 4.18. Typical photograph and TV tape data - intermediate vessel test (approximately '/2 of full size). 

en 



56 

•3 

5 

1 

* 

A 
E 



••J 

Fig. 4.20. Opening of full-scale vessel after burst. Although not visible in the photograph, the crack r:tn up to the closure at the 
left end of picture. 
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ability to interrogate the total voir me of the vessel 
while under hydrostatic or operating stress condition.*. 
To gain necessary background information regarding 
the acoustic inu»sion signal characteristics of heavy-
v/allea reac'or-grade steels. Southwest Research Insti­
tute (SwRI), in conjunction with Oak Ridge National 
Laboratory, has monitored ô  er the last two years the 
i-in.-thick specimen and 6-in.-thick specimen tensile 
terts. The results of these tests have leen re­
ported. 1 3 1 4 

The next logical step in the development of this 
technique was to add to the tensile test information the 
complexity of real three-dimensional pressure vessel 
loading and geometry &> offered by the intermediate 
vessel tests. The following sections describe the prelimi­
nary resL'ts of the first inte-mediate Vessel Test 
conducted at ORNL June 29-30, '972. 

Test Prepaiatioii 

After a review of the proposed ORNL test setup, a 
number of areas on the pressure vessel were identified 
as possible sources of extraneous noise whicn could 
possibly mask actuai acoustic emission signals during 
the test. The areas of concern were: (1) the vessel 
coolant circulation coils, (2) the metal seal in the ve:sel 
head, and (3) bolt and flange noises in the vessel head. 

As shown in Fig. 4.21, the vesse' coolant coils arc 
attached directly to the vessel wall and limit access to 
the vessel outside surface. It was thought that as the 
vessel expanded under pressure and temperature, rela­
tive movement between the coolant coils and the vessel 
could cause extraneous noise signals. The nature and 
extent of this noise were unknown. 

The metal pressure seal was also considered as a 
potential source of extrcnecu* noise, since the seal will 
undergo considerable deformation as the pressure in the 
vessel increases. It was thought that once the seal was 
pronerly seated, this noise should be minimal, but 
backg'ound data were again unavailable. 

The third area of potential extraneous noise was 
anticipated to occur near the bolted head flange. 
Rotation of the flange, elastic elongation of the studs, 

13. S. P. Ying, "Acous'.'c Emission Monitoring of t!;e 
Six-Inch-Thick Flawed Teisile Specimens," Paper 23. HSST 
Program Fifth Annua1 info\ nation Meeting, Oak Ridge 
National Laboratory, Mar. 25-2o, 1971. 

14. S. P. Ying, "Acoustic Emission Monitoring of One-Inch-
Thick and Six-inch-Thick Flawed Tensile Specimens," Paper 15, 
HSST Program Sixth Annual Information Meeting, Oak Ridge 
National Laboratory, Apr. 25-26, 1972. 

Fig 4.21. Coolant coils mounrec' on vessel mockup. 

ar?d elastic movenv*"t of all the associated hardware in 
the head were all anticipated as possible '.oise sources. 
It should be mentioned that the majority of these 
mechanical noises are 'tt the low-frequency spectrum 
(<80 kHz) of the acoustic emission monitoring system 
and are eliminated by frequency filtering. However, for 
the anticipated tesi a more refined method of data 
recording was felt wanauied. 

l>ince the primary interest of this test was the 
recording of the acoustic emission as generated in the 
region of the flaw, a data processing technique known 
as coincident detection was employed to exclude the 
recording of extraneous noise. This technique employs 
a multiple sensor an ay and a coincident circuit to 
permit the recording of only those signals which arrive 
at the sensor array within a preselected time gate. All 
other signals are excluded. The sensor array pattern 
used for this technique is shown in Fig. 4.22. Sensors L, 
G, and J comprise the coincident detection sensor 
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array. The coincidence technique functions in the 
following manner. 

l.When sound (acoustic emission) is transmitted 
from the region of the tlaw as a surface wave on the 
oitside surface of the vessel, transducers L, G, and J 
'•ill be excited at nearly the same time. For this case, 
the coincident circuit compares the arrival time of 
signals from information channels G and J, and if they 
are within acceptable time gate limits, the coincident 
circuit is then open to accept data from sensor L, the 
actual data channel. This is termed two-channel coinci­
dence. *f a signal has arrived within the same time gate 
as the information channels, the data from this channel 
are accepted and recorded. This final step comprises 
three-channel coincidence. 

2. It should be noted that two-channel coincidence 
could occur if sensors G and J were excited by a noise 
source equidistant from the sensors or by simultaneous 
sound transmission *Vo!r. either end of the vessel. For 
this case the data channel would not be excited in the 
necessary time gate, and no data would be recorded. 

3.Nou,e sources outside the area of the flaw will 
usually nor provide the necessary three-channel coinci­
dence, and therefore the majority of extraneous signals 
are eliminated. 

Noise sources outsiue the flaw area could also cause 
three-point coincidence and the recording of erroneous 
data if (1) the noise source was located at an area that 
would cause a wave front to strike sensors G and J at 
the same time that a noise wave front from another area 
strikes sensor L; and (2) a high-amplitude constant 
noise source could also be recorded, since a signal will 
always be in the time gate of the data channel. 

These two conditions v/ere not anticipated to occir. 
since any noise from the coolant coils or other ar-̂ as of 
the vessel would probably be intermittent and have a 
point-source location. The preliminary results of the 
test verifie J these assumptions. It also appears that the 
severity of the noise problem may have been over­
emphasized; however, the number of pressure cycles 
that were conducted prior to the final fracture test may 
have eliminated much of the anticipated mechanical 
noise. 

instrumentation 

Typical instrumentation for monitoring acoustic einis-
sior for the test is illustrated in Fig. 4.23 and 4.24. 
Figures 4.25 and 4.26 show the transducers mounted 
on the vessel wall. Figure 4.27 is a detailed photograph 
or the transducer, and Fig. 4.28 is the schematic 

diagram of the experiment. In general, the output trom 
each transducer was fed into a high-input-impcdince, 
low-noise-level preamplifier through a short coaxial 
cable. A second-stage amplifier was used for each 
channel operating in 100 to iOO kHz to achieve z gain 
of about 90 dB for the overall system. Since .he 
amplifiers were designed for general purpose with a 
wide frequency band, band-pass filters, acting in the 
frequency range from 100 to 300 kHz, filtered out 
most niechanical and electrical noises. The signals 
obtained from th^ data channel fed into a digital 
counter. Only those signals significantly above electric 
noise level are counted as acoustic emission. The 
digital-to-analog converter changed the digital count? 
into analog signals which were applied to the Y axis of 
the X-Y recorder. The X axis was reserved for the 
information obtained from the pressure transducer 
mounted in the test system. The X-Y recorder thereby 
provides an on-line graphic presentation of accumula­
tive counts as a function of vessel pressure. 

The outputs of the band-pass filters of the data 
channel and two information channels were also fed 
irto a coincident circuit, recorded on magnetic tape, 
and displayed on the oscilloscope. Since the sensors of 
the data channel and the information channels were 
mounted at an equal distance from the precracked 
notch area, only the emissions from the i.otch area 
could pass through the coincident circuit; these were 
counted in the counter at the output of the coincident 
gate, as previously discussed. However, the counter 
before the coincident circuit could counl ail detectable 
acoustic emissions from the vessel, fhe amplitudes as 
well as the durations of acoustic emission pulses were 
also recorded in a chart recorder through a detector and 
an operation amplifier. As shown in Fig. 4.28, three 
additional channels and the oscilloscope were used to 
periodically monitor other areas of the vessel during the 
test. 

Results 

Acoustic data were taken during all the pressure tests; 
however, data presented and discussed in 'his report 
will be confined to the final fracture test. Figures 4.29 
and 4.30 show the accumulation of the emission counts 
obtained from the digital counters before and after the 
coincident circuit respectively. Since the counters 
counted every frequency cycle of each emission r-ulse, 
and usually a pulse with a higher amplitude has a longer 
duration, the accumulation counts directly relate to 
amplitudes and durations of emission pulses as well as 
the number of pulses. The counts in Fig. 4.30 represent 
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the detectable emission from the vessel, and those in 
Fig. 4.29 correspond to the emission from the notch 
area. These two curves are similar in shape to that 
obtained from flawed specimens diuring the HSST 
tensile tests. The counts increne rapidly before the 
yield point, there are smaller counting rates during 
yielding, and the counting rates increase again prior to 
the failure of the vessel. Figure 4.31 shows the si/e of 

the flaw after failure. The counts prior to failure in Fig. 
4.30 are greater than those for Fig. 4.29 for the 
following reason. The counter for Fig. 4.29 was placed 
after the coincident circuit and defected bursts in a 
limited notch area which was smaller it*an the final 
crack area. The counter for Fig. 4.30 was placed prior 
to the coinciient gate and at vessel failure detected all 
the emission from the entire fracture area o( the vessel. 
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Figure 432s is a typical record of acoustic emission 
from the strip chart. The length of each line represents 
the amplitude and the duration of individual emission 
pulses. Tru emission pulses shown in Fig, 432a were 
recorded at the vessel pressures from 25 to 28 ksi. 
Figure 4.32* is the record of acoustic emission prior to 
the failure. Both the amplitudes and the rate increased 
tiremendously during ''us period up to failure. 

INVESTIGATION OF MODE III 
CRACK EXTENSION IN REACTOR PIPING'' 

R. J. PodlaseK 
Bat telle Columbus Laboratories 

This report summarizes the results of a program 
investigating the nature and extent of mode 111, tearing 
shear fractures, in nuclear reactoi piping. 

The program was initiated as a result of a previous 
research program in which 34 full-scale pipe t e s t s 1 6 1 7 

wert* conducted to define the critical flaw sizes neces­
sary to initiate fracture in nuclear reactor piping and 
also the extent of fracture propagation. The results of 
this research program indicated that the axial propaga­
tion of flaws could be controlled by the saturation 

15. Work sponsored by HSST program under UCCND Sub­
contract 3471 between Union Cirbfck Corporation and BalteUe 
Coktmbat Laboratories. 

16. R. J. Enter et ai., Inrestiaption of the Initiation and 
Extent of Ductile Pipe Rupture. Phase I Final Report. Task 17. 
USAEC. BM1 1866 (July 1969? 

17. R. J. fciber el al.. lnreittp.rion of the Initiation and 
Extent of Ductile Pipe Rupture. Tasl; 17. Final Report USAEC. 
BMI-0908 (June 1971). 
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Fig. 4.29. Acoustic emission from die precncked notch area. 

pressure hoop stress level. However, the results of one 
test in the second phase demonstrated that even though 
the stress leve? is below the threshold stress for axial 
extension of a mode 1 propagating shtar fractuie, a 
mode Hi , or teaiing shear fracture, could still spiral 
along the pipe. The current research program was 
initiated to investigate this fracture behavior in depth. 

In the iiiitiril investigation, 34 lull-scale tests on 
A106-B carbon steel and type 316 stainless steel pipe 

were conducted. The specimens were 8- to 22-ft-long 
capped vessels with an artificial surface or through-will 
defect machine*! ir. the center. The OD of the pipe was 
7.5 to 24.0 in , and the wall thickness ranged from 
0.375 to 1 70 in. Each pipe was pressurized with 
superheated water or saturated water at 469 to 686°F, 
and the failure pressures vared from 940 to 5410 psig. 
In plotting the saturation pressure hoop stress level at 
failure vs the artificial flaw length for all tests, it was 
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Fig. 4.30. Acoustic emission from the vessel is a functbn of strain. 
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r?oted that for saturation hoop stresses above 12 ksi an 
unstable ruiture resulted, and for saturation pressure 
hoop stresses below 12 ksi, short ci\tcY exttnsion 
resulted. Thus 12 ksi was deemed the threshold stress 
for mode I propagating shear fracture, for the A106-B 
pipe in the sizes investigated. The fracture appearance 
of all specimens depicted the 45° slant surface typical 
of ductile fractures. To simulate reactor conditions 
more precisely, one experiment (test 32) consisted of a 
10-ft-long, 7.5-tn.OD by 0.500-in -wall cylindrical sec­
tion to which 5-ft-!ong, 34-in.-OD reservoirs were 
inel&tii z\ each end. The result oe this experiment with 
a 2Q-iii.-Iong, 85% through-the-wall surface flaw was of 
particular interest, since at a saturation hoop stiess of 
7.1 fcsi the pipe ruptured and a mode III tearing shear 
fracture propagated for 5 f . This experiment demon­
strated that the possibility of unstable crack extension 
by mode III fracture existed. For comparison, Fig, 4.33 
illustrates the difference in fracaire appearance between 
mode I, propagating shear fracture, and mode III, 
tearing thear fracture. 

To date, two experiments have been performed as 
part of the current investigation of mode til crack 
extension. The objective of these tests has been to try 
to produce a mode III fracture without using the 
reservoirs on each end of the cylindrical test specimen. 
In test 1, a 10-ft cylirdrical test section was fabricated 
with the same flaw geometry as in test 32. T^e fracture 
initiated at the same temperature and pressure as in test 
32. However, the mode III fracture only extended 
axrlly 14 in. in one direction and 13 in. in the other 
direction. A photograph of the fracture is shown in Fig. 
4.34. Test conditions for test 1 were identical to thoss 
for t*st 32 with the exception of the reservoirs at each 
end of the test section. 

For test 2, the geometry of the test specimen was 
identical to that for test 1, except that the initial 
surface flaw i /as 40 in. long instead of 20 in. The failure 
temp<*:aiure in test 2 was 20°F nigher, and the pressure 
was 18% higher than in test I; however, the mode III 
fracture did not extend by spiraling around the pipe. 
The crack propagated axially 16.S in. in one direction 

23226 

a. MODE I, PROPAGATING SHEAR 

23506 

b. MODE I I I , TEARING SHEAR 

Fig. 4.33. Two types of shear fracture. 
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Fig. 4.34. Resulting fracture of test 1, test temperature 550°F, failure pressure 1640 psig, saturation pressure 1080 psig. 
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and axially 20.0 in. in the other. Figure 4.35 ii!u rates 
the fracture as it arrested on the 16.54n. extension end. 

In the future another test will be conducted using a 
test specimen without reservoirs and with the saturation 

pressure hoop stress level just below 12.0 ksi. If a 
tearing shear or mode III fracture which extends 
unstably d^ts not result, the remaining tests will ise 
reservoirs. 

Fig. 4.35. Resulting fracture at one end of test 2, test temperature 575°F, failure pressure 1940 psig, saturation 1280 


